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i 1.0 PROGRESS AND PROSPECTS FOR TUNGSTEN BRONZE MATERIALS

) This report covers work conducted during the last four years of DARPA Contract
Nos. N00014-82-C-2446 and N00O14-85-C-2443 for the study of the growth processes for
tungsten bronze crystals and thin films and their electro-optic, pyroelectric and photo-
refractive applications. A number of the topics covered represent the developmernit and
extension of studies accomplished in our earlier contract "Growth of tungsten bronze family
materials for electro-optic and photorefractive applications," and has capitalized on the

. momentum generated in this study.

Since the work reported covers a rather wide range of materials and device

applications, it has been divided, for convenience, into four major sections:

L. Tungsten bronze family crystals and their classification,
2. Photorefractive properties of tungsten bronze «crystals and their
applications,

3. Electro-optic and pyroelectric applications of tungsten bronze materials,

4, Growth of tungsten bronze thin films,

A brief narrative description is given of current and past work to summarize the

progress in each category. Completed topics are included as preprints and reprints of

— e —

papers published or to be published.

1
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2.0 POTENTIAL OF TUNGSTEN BRONZE FAMILY

The development of tungsten bronze crystals and thin films has reached the point
where these materials have clear advantages in electro-optic and photorefractive applica-
tions over the presently available LiNbO3, BaTiO3 and KNbO4 materials. As our under-
standing of the factors controlling electro-optic properties, crystal quality and size has
grown, we have increased the range of applicability of the bronzes through such factors as
choice of dopants, control of growth conditions, and establishment of the relation between
structure and electro-optic characteristics. Currently, these materials show exceptional
promise in photorefractive applications such as phase conjugation, laser hardening and
image processing, and in optical display and electro-optic applications such as wave-guides,
modulators and spatial light modulators (SLM). To realize this promise, it will be necessary
to systematically develop and evaluate members of the tungsten bronze family whose
properties have been optimized for specific applications. These include the current best
bronzes (SBN, BSKNN, SCNN) along with morphotropic phase boundary bronzes such as
PBN, PSKNN, etc. Because of the diversity of electro-optic properties available in this
family, and the ability to grow large size crystais, we anticipate these materials will
become a major factor in future photorefractive and electro-optic devices, and in some

cases, even pyroelectric device applications.

2
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3.0 ACCOMPLISHMENTS

3.1 Tungsten Bronze Host Crystals

The tungsten bronze compositions can be represented by the general formulas
(A)(A),C,B 903 and (A )y (A5),B 403y, in which Aj, Ay, C and B are 15-, 12-, 9- and
two 6-fold coordinated sites in the crystal structure. The ferroelectric phases can be
divided into two groups: those with tetragonal symmetry (4mm), which are ferroelectric,
and those with orthorhombic symmetrty (mm2), which are both ferroelectric and ferro-
elastic. In the orthorhombic structure, the polar axis can be either along the c-axis,
such as in Srz_xCaxNaNb5015 or BazNaijolj, or along the b-axis, such as in PbNb206,
PbyKNbsO, 5. These tetragonal and orthorhombic groups can be further classified accord-
ing to their longitudinal transverse effect as summarized in Fig. 1. These effects can be
obtained only in single crystals of each type, as it is very difficult to recognize these
] differences in polycrystalline materials. Major work has been carried out in three tungsten
bronze hosts (Fig. 2) which exemplify the three types electro-optic response available in

this family.

SBN Solid Solution Crystals - The Srl_xBabezOs, 0.25 < x < 0.75, solid solution

exists on the SrNbZOG—BaNbZOS binary system and it exhibits strong transverse ferroelec-
tric and optical properties., This system was originaily studied at Bell Laboratories where
the conclusion was that the x = 0.50 (SBN:50) composition was congruently melting. How-
ever, later work by Megumi et al indicated that Srg (Baj ,Nb,Og (SBN:60) was congruently
melting, and they succeeded in growing optical quality crystals. Our crystal growth work on
SBN:75, SBN:60 and SBN:50 confirms Megumi's results, and we have been successful in

growing all of these compositions in optical quality. Currently, SBN:60 crystals are being

3
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SBN-TYPE (4mm)

* LARGE TRANSVERSE EFFECTS
‘33-¢33- 933

* CYLINDRICAL SHAPE (24-FACETS)

* T <150°C

* MODERATE POLARIZATION (P

ADDITION OF Na *

PbNb,0g-TYPE (mm2)

'51-915- 119
* T.>350°C )
* LARGE POLARIZATION (P,)
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MORPHOTROPIC PHASE BOUNDARY MATERIALS
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Fig. 1 Classification of tungsten bronze family crystals.

SC44264

LARGE TRANSVERSE EFFECTS: SBN:60 LARGE LONGITUDINAL EFFECTS: BSKNN-2

*r33 = 400 -1440 x 1012 sy 1517 = 500x 10 12 mv
s ¢33 = 800-3000 * €419 = 700
*T. = 56T0210°C eTc = 17070 210°C

* 3 cm IN DIAMETER
* 24 WELL DEFINED FACETS
* OPTICAL QUALITY

* 1.5 cm IN DIAMETER
* B-WELL DEFINED FACETS
e OPTICAL QUALITY

LARGE TRANSVERSE AND LONGITUDINAL EFFECTS: SCNN

*r3z = 1300x10- 12 mv rs1 = 1100 x 10~ 12 mv
* €33 = 1700 €11 = 1700
e Te = 270°C

1.5 cm IN DIAMETER
* REASONABLE CRYSTAL QUALITY

Fig. 2 Photorefractive tungsten bronze single crystals.
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grown over 1" in diameter with or without dopants. These crystals have found use in appli-

cations such as electro-optic, pyroelectric and millimeter wave devices.

BSKNN Solid Solution Crystals - This solid solution is based on the SeraI\.‘b5Olf

- Ba,KNbsO) 5 system, and both the tetragonal (¢mm) and orthorhombic (mm2) forms have
been identified. The BSKNN compositions which are K*-rich (e.g., BSKNN-1 and BSKNN-2)
which are K'-rich, are tetragonal at room temperature and have longitudinal ferroelectric
and optical properties similar to perovskite BaTiO3. The BSKNN compositions that are
Na'-rich (e.g., BSKNN-3, BSKNN-5) appear to be weakly orthorhombic at room tempera-
ture. As shown in Fig. 3, a morphotropic phuse boundary region seems to exist between
BSKNN-2Z and BSKNN-3, with transverse effects being larger in BSKNN-3. In general, the
growth of these crystals is more difficult than to the growth of SBN; however, we have been

successful in growing over | cm diameter BSKNN-2 and BSKNN-3 crystals.

SCad2y0

ﬂ
4
—

200+

|

SKNN-7
— BSKNN-5
BSKNN-1

;

175 182°C

<« NOID3Y 8dW

178°C
LN
¢ M

ORTHO.TETRA ORTHO:TETRA YETRA:TETRA.'
T (BSKNN-3) T (BSKNN-2)

— T (°C)

150[- ]

125 | 1 1 | 1 1
SroNaNbgO15 12.40 12.42 1244 1246 12.48 12.50 BayNaNbgOig

~—= LATTICE CONSTANT g <+—
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SCNN Solid Solution Crystals - Sr,NaNbsO, 5 is orthorhombic at room tempera-
2

ture, and the addition of Ca“’ in the form Srp_«CayNaNbsO, 5 retains the mm2 symmetry.
The maximum solid solubility of Ca2+ in SCNN is 33 mole%, since caZ* occupies only the
12-fold coordinated site in the bronze structure. The addition of BaZ* in SCNN has also
been studied, and it stabilizes the growth conditions so that crystals as large as 1.5 cm
diameter can be grown. The key feature of SCNN and BSCNN crystals is that both trans-
verse and longitudinal dielectric and optical properties are large and nearly equal, with
Sty 9Cagp,|NaNbsO| 5 showing electro-optic coefficients r33 = 1350 x 10712 m/Vand rg, =

-12

1180 ~ 10 m/V. Besides general photorefractive applications, these crystals could have

an important impact on three dimensioral displays.

3.2 Photorefractive Properties of Tungsten Bronze Crystals

To use tungsten bronze crystals for photorefractive applications, specifically for
image processing, laser hardening, optical computing and phase conjugation, the change in

the refractive index, n, should be large and should occur rapidly. This change is given by

an = - 1/2n3rijEi
where r is electro-optic coefficient and E is the space-charge field. Since the electro-optic
coefficient is relatively constant for a given crystal composition, an can be enhanced by
increasing the optically generated space-charge field. Currently, this is an active
area of research in large response electro-optic materials such as BaTiOg, KNbO3 and
LiNbO4. Undoped crystals, including bronzes, BaTiO; and others, have sufficiently high

sensitivity, but only moderate response speeds of typically 100 ms or higher. I[f these

6
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crystals are to be of effective use, their response times must be reduced to the order of

|

| ms or better, and coupling to 20 cm™ " or higher.

It is now established that doping crystals with an impurity that is readily photo-
ionized by incident radiation greatly enhances the susceptibility of crystals to index
changes. A variety of different dopants have been tried in SBN, BSKNN and SCNN single
crystals, as summarized in Table 1. Ce3+ doping of SBN was originally reported by Megumi
et al. The addition of ce>* develops a distinct but wide absorption band around (.5 um,
which differs markedly from the band-gap absorption edge. The cerium ion is photoionized
by means of the rcaction:

3+

Ce™ + hy --+ Ce4+ + e~ (conduction)

3

Our ongoing research on Ce~ ' -doped SBN and BSKNN crystals suggests that both Ce>* and

Ce* valence states are present, but this has not yet been conclusively proved. We also

suspect that since Nb5+ reduces to Nb** at elevated temperatures, trapping levels due to

3+

Np4* may exist in the present crystals. Doping with Ce”" in the 15- or 12-fold coordinated

2 2

Ba“" or Sr** sites of SBN and BSKNN produces pink-colored crystals with spectral response

in the visible region. For a 0.1 wt% addition of Ce3+, the coupling coefficient is raised to

45 cm'1 in SBN wafers and around 20 cm'l

in crystal cubes. This difference in coupling is
not presently understood. The speed of response is also significantly faster, being estimated
to be 10 - 40 ms depending upon laser intensity. These crystals have proven to be effective
in phase conjugate mirror work, and several device concepts are emerging; e.g., bird wing,

frog leg, and bridge double-phase conjugators.

7
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Table 1
Preliminary Photorefractive Result on Different Dopants
cr3+* DOPED Fe3* .DOPED
Ce3 * -DOPED SBN:60 SBN:60 SBN:60
PROPERTY 12-f0LD 9-FOLD 6-FOLD 6-FOLD
CRYSTAL COLOR PINK GREENISH-YELLOW | GREENISH-YELLOW YELLOW
GUALITY EXCELLENT EXCELLENT EXCELLENT REASONABLE*
ELECTRO-OPTIC 460 460 €50 480
COEFFICIENT
x10" 12 mv
BEAM FANNING
RESPONSE

AT 40 mWicm? 2.5s 3.0s 0.7s 2.8s

AT 0.2 Wicm? 0.6s 1.2s - -

AT 2 Wicm? 0.05s 0.09s 0.008s 0.07s
COUPLING ~19 cm~ ! (CUBE) ~66cm” 1 ~6.7em” ) -
COEFFICIENT ~45 " 1 (PLATE)

SPECTRAL 0.4-0 7 mm 0.4.0.9 mm 0.6-1.0 mm 0.4-0.9 mm
RESPONSE
SPPCR EXCELLENT EXCELLENT EXPECTED EXPECTED

*STRIATED AT HIGHER DOPING LEVELS

Table 2 summarizes the self-phase conjugate response time for various photore-
fractive crystals. Because of such attractive features of Ce-doped crystais, extensive

efforts are being made to exploit this dopant for various applications in the visible region.

3

Another interesting feature of Ce3+-doped crystals is that when Ce~" is placed in the 9-fold

coordinated site, its spectral response shifts from the visible to the near-IR (0.78 um) with

coupling as highas 6 - 7 cm™l. These results are similar to BaTiO4 studied under low laser

3+

intensitv, Since placing Ce”" in a lower coordination extends the spectral response to

longer waveleng’ -. efforts are underway to place CeB+ in the 6-fold coordinated Nb>*

3+

sites. Althoug- . .77 is known to occupy the 6-fold site in perovskites and other crystal

3+

structures, the pi- - :ent of Ce”" in the bronze 6-fold coordinated site will require the

blocking of the i5-, 12- and 9-fold sites.

8
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Table 2

Self-Pumped Phase Conjugate Response Time for Bronze Crystals

Response Time
(seconds)
2 Waveleng(?

Material @ 0.2 W/em @ 2 W/cm (nm)
Ce-SBN:75 32.0 8.3 457.9
Ce-SBN:75 7.7 1.6 442.0
Ce-SBN:60 5.8 1.1 442.0
BaTiO325.O 2.5 514.5
Ce-BSKNN-2Z 27.9 8.8 457.9
Ce-BSKNN-3 {8.1 3.8 457.9
Cr-SBN:60* 10.2 - 442.0
Ce-SCNN - - -

*Results are inconclusive.

In order to extend the spectral response deeper into the IR region, smaller ions
such as Fe2+/Fe3+, Cr3+/er+, an*/Mn3+ and Rh3+ have been explored in the 6-fold coor-
dinated Nb>* sites. These dopants produce yellow to yellowish-brown colored crystals,
whereas Cr3*—doped crystals are typically greenish-yellow in color. In general, all of these
doped crystals can now be produced in optical quality, although initially the growth of
optical quality Fe-doped crystals was difficult due to the presence of striations. Currently,
the (oie of iron alone, as well as with other dopants, is being studied in SBN and BSKNN to

optimize speed and coupling.

Cr3+-doped SBN:60 has been found to have a photorefractive response speed 5-10

times faster than Ce>*-doped SBN:60. However, the coupling coefficient for Cr3*-doped

3 3+ concentration

SBN:60 (6 - 7 cm'l) is lower than in Ce””-doped crystals. The effect of Cr
on the coupling coefficient is being explored since we suspect that higher concentrations

should result in improved coupling.

9
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Figure &4 summarizes the observed relationships between the crystallographic site

preference of a dopant and the range of spectral response in bronze hosts. It is clear from

these data that longer wavelength response is associated with a lower coordination for the

dopants, with response out to 1.0 um for 6-fold coordinated Cr3* in SBN:60 crystals. This

site dependence provides a flexibility rarely seen in other structural families. One can thus

use the type of dopant and its site preference to optimize photorefractive properties in a

given spectral range for either transverse or longitudinal electro-optic crystals.

TYPES OF DOPANTS

* PHOTOIONIZABLE
* DONOR/ACCEPTOR
* SITE PREFERENCE

* SIZE AND QUALITY

{1) Ar-Ne LASER
(2) DYE-LASER
(31 NO RESPONSE

SITE PREFERENCE

15-FOLD COORDINATED SITE

$C44286

SPECTRAL RESPONSE

Ce3 *: PINK IN COLOR

12-FOLD COORDINATED SITE

Ce3*/Ce%*: PINK IN COLOR

9-FOLD COORDINATED SITE

Ce3* /4~ : YELLOWISH-GREEN

6-FOLD COORDINATED SITE

®
« ) 0.2 70 0.60 um
\
\®

AN 0.48 T0 0.70 umJ

i
@

\

\

0.570 1.0 um

)

{2)

Fe2*/Fe3+, cr3+ . Mn2+/Mn3+

YELLOW TO GREENISH-YELLOW (Fe,

YELLOWISH-BROWN (Mn)

Cr)

Fig. 4 Roie of dopants for photorefractive applications.

Because Ce3* and Cr3*-doped bronze crystals are particularly promising for

phase conjugation, laser hardening and optical processing, the growth of these crystals in

sizes up to 5 cm diameter is in progress. An example is the growth of Cr3*—doped SBN:60

shown in Fig. 5. This crystal boule is approximately 2.5cm in diameter and 7 cm in

10
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Fig. 5 Crystal boule photo.

length. BSKNN-2 crystals are also being explored because their ferroelectric and optical
properties are similar to BaTiO5. Because of the structural flexibility in accommodating
dopants and the lack of a second structural phase transition over a range far below room

temperature, this material could replace BaTiO3 for various optical applications.

3.3 Electro-Optic and Pyroelectric Applications of Tungsten Bronze Materials

Single mode planar and channel waveguides have been produced in SBN:60 crys-
tals by sulfur diffusion in a sealed ampule, followed by oxidation in an open tube. Losses in
channe! waveguides were ~ 15 db/cm for TM polarization and ~ 27 db/cm for TE polarization

in z-cut substrates. Electro-optic modulation was observed after poling of the substrate,

1
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The experimentally determined value of the effective electro-optic coefficient was slightly
greater than reported earlier for bulk sampies of SBN:60, and about 15 times greater than
for LiNbO3. Based on measurements with the $33 radioisotope, the average atomic sulfur

concentration was estimated to be about 4 1017/cm3

in the region extending from the sur-
face to a depth of 2.5 ym, and a significant background concentration (~ 5 x 1016/cm3) was
present to depths of 20 ym. Currently, efforts are underway to replace sulfur with other
suitable diffusing ions in these crystals. However, the current results are very promising
and it is expected that with further improvements in crystal quality and diffusing species,
this material will have significant value for various electro-optic device applications. In
parallel, efforts are also underway to use higher electro-optic coefficient crystals such as
SBN:75 and PBN:60, so we can further reduce the voltage requirements for these

applications.

La3

*-modified SBN:60 single crystals have also been grown in large size and these
crystals exhibit excellent response for pyroelectric device applications. The addition of
1 wt% La3+ in SBN:60 increases the pyroelectric coefficient by nearly an order of magni-
tude. Currently, these crystals are being tested as room-temperature pyroelectric

detectors. If the performance of these crystals proves to be satisfactory, they may replace

HgCdTe-based detectors.

3.4 Growth of Tungsten Bronze Thin Films

In order to include incongruently melting bronzes exhibiting large electro-optic
and ferroelectric properties, we also introduced the liquid phase epitaxial (LPE) technique
for SBN:50, SKN and PBN:60 compositions with good success. The growth SBN:50 and SKN
thin films has opened up new ways to study these materials for SAW and optical applica-
tions. Based on our current work, SKN films look more promising for optical applications

12
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since the difference in refractive index between SBN:60 (substrate) and the SKN film is

large. Because these films are grown at lower temperatures, their quality appears to be

much better for optical applications.

13
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4.0 PUBLICATIONS AND PRESENTATIONS

4.1 Publications

Over 25 technical papers have been prepared and published in refereed journals

under this program.

4.2 Presentation

Over 20 technical papers were presented as invited or contributed talks in the

USA, England, India, Switzerland, Japan and Australia.
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5.0 CONTRIBUTING LABORATORIES

The success of this program was due in large part to the collaboration of many
institutions in evaluating these crystals and films allowing us to rapidly improve material
characteristics and enhance our overall understanding. The following institutions have

played major roles in this research:

Institute Research Area
Rockwell International Science Center Photorefractive
Electro-Optic
Pyroelectric
Naval Research Laboratory Optical Wave-guides and
modulators
Penn State University Ferroelectric and optical
characterization
Caltech Photorefractive
Army Research Lab, (CNVEQ) Photorefractive
Electro-Optic
University of Southern California Photorefractive
MIT Spatial Light Modulator
(SLM)
Kirtland AFB Photorefractive
Lawrence Livermore National Lab Streak Camera (Electro-
optic)

The details of the research performed during the past two years are given in the
remaining sections of this report in the form of individual research papers. These papers
are being submitted to, or have been accepted for publication in, refereed journals.
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PROGRESS IN PHOTOREFRACTIVE TUNGSTEN BRONZE CRYSTALS
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Progress in photorefractive tungsten bronze crystals

Ratnakar R. Neurgaonkar and Warren K. Cory
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We review the current status of the photorefractive tungsten bronze family crystals in terms of their growth
problems and applications. with special emphasis on the current results for the Sr;_,Ba,Nb,O¢ solid-solution
svstem. Ferroelectric morphotropic phase-boundary materials are discussed as an appropriate goal for future

development.

INTRODUCTION

The term photorefractive eftect has been adopted to refer to
optically induced refractive-index changes that occur in
many electro-optic materials. This eftect has been used
recently for optical storage of information, phase conjuga-
tion. and nonlinear multiwave mixing applications. These
applications require suitable crystals that possess high pho-
torefractive sensitivity, speed. and diffraction efficiency.

Photoretractive etffects have been observed in a variety of
electro-optic  materials. such as Bi;:8i0.. Bi;,GeO.,.
LiNLO . LiTa0: «PbLa)iTiZnO.. KH:PO,. CdS. Bi,Ti .O;..
KiTaNbhO . KNbO. BaTiO.. Ba:NaNb:O;s. and Sr;_,
Ba,Nb.O.: +SBN 1! *- and may be considered a general prop-
erty of electro-optic materials. Depending on the band gap
and the electro-optic coefticient of the given crvstal, the
refractive-index changes mayv be induced not only by visible
light but also by ultraviolet or infrared radiation. The char-
acteristics of a number of currently important electro-optic
materials are suinmarized in Table 1.

At present. a great deal of attention has been focused on
two important candidates. namely. perovskite BaTiO, and
tungsten bhronze SBN crvstals. BaTiO. exhibits several
structural transitions, and it has a rcom-temperature tetrag-
onal structure with very large electro-optic coefficients, e.g..
r-yand ry.. The origin of these anomalously large constants
is clearly the phase change below room temperature to an
orthorhombic terrvelectric phase. The incipient phase
change destabilizes the polar vector in the plane perpendicu-
lar to the fourfold axis of the tetragonal form. giving exceed-
ingly high values of ¢;; and thus large electro-optic coeffi-
crents, e.g.. rpand ry.. Unfortunately. however. the normal
phase change necessarily carries with it a strong tempera-
ture dependence tor ¢;; and the electro-optic coefficients.
Even worse. if the crystal is accidentally cooled below room
temperature. the phase change leads to a catastrophic de-
~truction ot the single-domain state essential for device
~tudhes. A ~econd major disadvantage of BaTiO, crystal is
the high paraelectric prototype symmetry (m3m). which has
three equivalent tourtold axes and thus gives the possibility
ot 90° twin domains.  These ferroelectric twins are difficult
to remove by poling and limit strictly the transverse field
levels F| that can be tolerated. In spite ot these difticulties.
~mall but relatively good-quality BaTiO . crystals are avail-
able trom Sanders Associates for photorefractive devices

~tirdies,

T S22 sk a2027 H00sn2 on

On the other hand. the tungsten bronze SBN solid-solu-
tion-svstem crystals. in particular Sr,¢Bay Nb.Og
(SBN:60). are relatively easier to grow, and crystals as large
as 2 to 3 cm indiameter are available.**!* Since this compo-
sition exhibits only one paraelectric-ferroelectric phase
transition and a unique polar axis, the crystals have no 90°
twinning or other problems. In this paper we review the
state of the art of this crystal along with that of other tung-
sten bronze crvstals for photorefractive applications.

FERROELECTRIC TUNGSTEN BRONZE
FAMILY CRYSTALS

Ferroelectric tungsten bronze oxides have been studied for
their electro-optic and pyroelectrict™!¥ properties and have
been found to be most usetul for these applications. The
bronze compositions can be represented by the general for-
mulas as (AA2:CB10030 and (A1t A2)2B10030. in
which A}, 4, C.and Bare 15-.12-,9-. and 6-fold coordinated
sites in the structure. The tetragonal bronze prototvpic
structure is shown in Fig. 1 in projection on the (001)
plane.!" ' A wide range of solid solutions can be obtained
by the substitution of ditferent 4,, A., and B cations,!9-22
and a number of different tvpes of ferroelectric and ferroe-
lastic phases have been identified tmore than 100 com-
pounds and numerous solid solutions). The ferroelectric
phases can be divided into two groups: those with tetrago-
nal symmetry (dmm), which are ferroelectric-paraelectric,
and those with orthorhombic symmetry (mm2). which are
both ferroelectric and ferroelastic.

Crystals that are noncentrosymmetric. i.e.. that lack a
center of symmetry. may exhibit both linear and quadratic
electro-optic and elasto-optic effects. In all the crystals
discussed here the linear effects are dominant. Thus a lin-
ear change in optical index of refraction can be induced by
an electric field (electro-optic effect), or by strain (elasto-
optic effect), or under illumination by a laser (photorefrac-
tive effect). Strain can be produced by an electric or (piezo-
electric) field by a stress (elasticity). The matrices of elec-
tro-uptic coefficients in the reduced matrix form? r,, are
given in Table 2.

In the tungsten bronze tfamily in general. the effects (7))
and (r+)) are large tor the orthorhombic (mm2) bronze crys-
tals. while the transverse (r ..} eftects are large for tetragonal
14mm) bronze crystals: but this can change for compositions
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Table 1. Photorefractive Characteristics of Electro-Optic Materials

Photoretractive

Electro-Optic Crystal Sensitivity Response 1

Crystal Coetticient (M V) Structure tem- - Time tm~ecs O
Bi, S0 Feo= x0T Cubic 4 x o ~1-10
Bi. Ge() ryo= 32 % 0T Cubig ~
LiNbO :Fe roo= AR X 107 Trigonal 5% 107 ~20onn 11
LiNbQO:Rh roo= 3LK X JO Trigonal TX ~ 2000 1150
BaTi0:-doped roy = BOD X 107 Tetragonal TX 10 126
(KTN = 1400 x 1073 Cubhic 10
KNbO :Mn ry. = 380X 1071 Ortho
KNbO  Fe ry, = 380 X otk Ortho <loo 80
Ba_ NaNb-O.- o= AT x e Ortho ~E X 1070 ~ 20 A8

iMoor Fer

SBN:Ce roo=4200% 1000 Tetragonal 9AX 107" ~80 72
SBN roo=420x 1000 Tetragonal 3.2 %107 ~ 1000 73
BEN roo= 1350 070 Tetragonal 5x 1074 - 56

close to morphotropic phase boundaries. The SBN solid-
solution crvstals exhibit exceptionally large electro-optic co-
etficients, which are based on three independent nonzero
moduli: r. =r..r =r,. and r... The largest electro-
opticetfect i= observed tor the de electric field paraliel to the
single tetrad symmetry axis x .. which is also the polar axis,
and with light propagation normal to the x. direction. The
phase retardation in this case 1s given by

P=s2=f xyvin = n, (DY)

where (i~ the path length. A, is the free-space wavelength,
and n_"and n. are the principal indices ot refraction normal
to the direction of propagation x.. In this case

n'=n—nr, k2 no=n —n ' E 2 (2

where n_and n. are the ordinary and extraordinary optical
indices, respectnely

For light parallel to 1 cand an electric field parallel tox; or
an axi~. I is written as< above but tor ny and n_". which are

roE,”
n =n. n=n-n' 7 o (R}
Jin - ong )

Crystals that have been investigated in the SBN <eries are
those for which x = (L.25.0.40, 0,50, and 0.75.)"4 The hali-
wave field-distance products [E - L], » at 632.8 nm for the
electric field along x .. with light normal to x. and polarized
at 43° with respect to principal axes, are shown in Table 3.
In SBN for a one-1o-one aspect ratio of electric-field path to
optical path length, the halt-wave field-distance product [E .
L], :is 48 V at 15 MHz.'"* By wav of comparison. this is
equivalent to the quadratic effect in KTa;-,Nb, O, (KTN)
at de bias fields of 2000V, The 48 \' required is also 60 times
smaller than 28011 \' obtained previously for LiTaO: and
LiNbO _-* Because of such excellent electro-optic proper-
tie« for the SBN solid solution. considerable research has
been performed on this compasition family as well as on
other hronze composition crvstals. Table 4 lists a number of
orthorhombic and tetragonal tungsten bronze crystals de-
veloped at varinus research laboratories and their important
ferroelectric and electro-optic properties.  Some of the
unigue advantages of bronze crvstals are as follows:

r,

A4

»
~
[a)

Fig 1 Projecuon of structure of tetraconal tungsten bronze paral-
lel 1o o0 ]

Table 2. Electro-Optic Matrices r;; for the (mm?2) and
(4mm) Bronze Crystals

Orthorhombic tmm 2 Tetragonal (4mriy

0 0 . 0 0 ris
0 0 r 0 0 r
0 0 r. 0 1l r..
0 ry. t 0 e O
T { (] re i 1
0 & 0 0 3 ]

Table 3. Half-Wave Field-Distance Products for SBN

[E-L}\ "
f =075 1 =040 y = 050 x =025
d¢ 37 Vde 150V d¢ 250V de

1 MH2 RO\ pp
15 MH7 45\ pp

1340\ pp
1246 \ pp

AN pp
200\ pp

676\ pp
AR pp

¢ pp: peak to peak

— J

etld
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Table 4. List of Important Tungsten Bronze Crystals®
Dielectric Piezoelectric Electro-Optic
T, Coefficient Coefficient Coefficient LUnit Cell Crvstal
Composition e €1 e dis dis X 1074 m/V ay by 3 Shape*
Tetragonal cryvstals
SBN:TH 56 3400 - - - 1400 12.440 - 3.924 C
SBN:60 D 880 170 130 40 420 12.467 - 3.937 C
SBN:H0 1258 150 300 100 60 180 12.475 - 3.952 C
SKN 150 LY 80 90 30 270 12.470 - 4939 C
BSKNN 207 200 350 75 84 380 12.560 - 3.973 S
K \Li.Nb-O,, 105 115 306 57 68 80 12.580 1015 IS
PBN:60 350 310 60 100 300 1000 12.576 - 3.978 S
Ba:Ti,Nb.O ¢ 245 209 193 - - 120 12.589 - 1.020 S
Orthorhombic crvstals
Ph,KNbO;- 150 129 1550 62 470 res = 10 17.750 17.961 TIRe C
Ba.NaNb.O, a6 a7 242 37 42 ry =92 17.590 17.613 T.9%2 C
SraNaNbiOys 270 15(K) E - - ry = 400 17.450 17.493 TTbe C
K.BiNb:O,5 105 S 400 - - - 17.851 17.852 7.804 C
KLi;Nb;-Ta. .0, 150 375 30 - - - ¢

: Rels. 26- 39 1selected relerences)
" Coevhindnical. 8. square

Al tetragonal crvstals have been grown at Rockwell
7 This bigger unit cell has « - large

(1 This tamily ot crystals possesses extraordinarily
large transverse and longitudinal electro-optic coefficients,
especially near a morphotropic phase boundarv (MPB).

12y Trade-oft between sensitivity and speed can be in-
vestigated for photoretractive studies because of the struc-
tural flexibility. In the tungsten hronze structure. several
crvstallographic sites are partially empty, which allows the
composition to be tailored.

13y Several ferroelectric MPB compositions have been
identitied tor this tamily.

t4 The lower prototype svmmetry gives a large family of

glguadratic) constants (quadratic and electro-optic) and the
possibility of anisotropic conduction. The nonzero values
are gy, 211 &y . &43. 8nd g, as compared to g, g0, and 244 in
perovskites.

t5)  In the tetragonal bronzes. since the prototype sym-
metry 1s 4mm. only one unique fourtold axis exists. and 90°
twins are absent; hence crvstals are not likely to crack during
poling, as reported for BaTiO ..

-

GROWTH OF TUNGSTEN BRONZE CRYSTALS

The growth of orthorhombic tmm2) and tetragonal (4mm)
bronze crystals has been the subject of great interest for
many vears, and considerable progress has been made to-
ward developing cryvstals of suitable size and quality. The
most important orthorhombic cryvstals are based on Pb-*,
e.g.. PhoKNH.O, - PbNDOs. Pb:NaNb-O,.: theyv are all at-
tractive candidates for surface acoustic waves (SAW's), elec-
tro-optic. and piezoelectric transducer applications. These
crvstals are extremely difficult to grow because of several
problems associated with their growth. such as the volatil-
ization of Pb-* at the growth temperature and the cracking
of crystals when evelving through the paraelectric-ferroelec-
tric phase-transition temperature. The other orthorhombic
bronze crvstals, such as Ba:NaNb-0,- and K :Li>Nb-O,-. are
available in small sizes: however. their photorefractive prop-
erties are similar to those of LINbO ' *-. hence these com-
pusitions are not widely studied.

SBN 50 CRYSTAL GROWTH WITHOUT  SBN 60 CRYSTAL GROWTH WITH ADC  S8N'60 CRYSTAL GROWTH WITH ADC

ADC SYSTEM

SYSTEM {UNSTABLE CONDITIONS!

SYSTEM AFTER ESTABLISH
CONDITIONS

Fio o o th o <triatios Hee lerroelectre SBN B0 cngle crvstals with ADC. automatic diameter-control svstem.
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Fiz 3 ldealized torms of the tetragonal tungsten bronze crvstals

Since the tetragonal bronze compaosition crystals exhibit
excellent transverse (r 0 electro-optic and pyroelectric
properties. Neurgaonkar and co-workers!#3-# have exten-
sivelv studied the problems associated with these crvstals
and have successfully established conditions that permit use
of the Czochralski technique. The more prominent exam-
ple~ in this category are Sr.-.Ba,»:Nb:O, (SBN:7H),
1SBN:A0). Ph.,Ba. Nb.O, (PBN:601. and Ba._.Sr.K,..
Na Nb-O;- (BSKNN1 Although large-sized crvstals have
heen developed for these compositions. the problems associ
ated with the~e tetragonal bronze crystals are as follows

t1v They are muliicompenent and solid-solution svs-
tems; hence it i ditfieult 1o establish true congruent melting
compositions for optical appheations

21 They possess high melting temperatures tgreater
than 1500 hence volatilization and oxidation-reduction
problems tNb " .- Nb**1are common

130 Exchange among crvetallographic sites, specificalis
of the 15 and 12-told coordinated 1ons such a~ Ba-" and
N1 causes severe striation problems

t$ Craching can occur in crvatals when they pass
through the paraelectric terroelectric phase-transition tem
perature  For tetragonal crvstals this is a less severe prob
lem than tor the orthorhombic torms. but it i« still of con
cern. e.¢ . PBN:60. BSRNN. and KI.\.

Among these crvstals. SBN:60 and SBN:5 are much easi
er to grow than other tetragonal bronzes: crvstals as large a~
2 1o 3 emoin diameter of optical quality are being grown, as
shown in Fig. 2 tor SBN:60. (SBN:60 15 the only congruent
melting composttion in the SrNb O, -BaNb,0O, system.” )
The recent development of optical-quality material is a ma
1or step tor this family of crvstals  In our work we have
found that the quality of these cryvstals depends on the fol
fowing tactors

11 Impurities in starting materials: Ca’*, Fe't, Mg-*,
Na‘. et

121 Rotation and pulling rates: faster pulling rates were
needed to contral temperature instability because of poor
thermal conductivity .

i Cooling rate variation.  percent of Sr-* and Ba-*
di~tribution changes on 15 and 12-fold coordinated sites for
ditterent cooling rates

Vol GoNe 2 February 1900 Ot sac Any B 20
A moststriking and uncommon teature of these tetragonal
bronze cryvstals is that thev all show natural facet~: The
smaller unit cell bronzes. eg.. SBN:t60. SBN:H0. and
SroKNb Oy, are evlindrical in shape and exhibit 24 well-
defined facets.* whereas the bigger unit cell hronzes. e.g.
BSKNN.PBN:60. and BTN, are square in shape and exhitit
tour well-defined facets. Figure 3 shows the idealized forms
tor these crystals.  This is significant for the studyv and
utihization of this family of crvstals, since the task of crvstal
orientation is otherwise tedious and time consuming
The ferroelectric and piezoelectric properties for these
bronze composition crystals have been investigated. and
these properties. e.g.. ey ¢y, d,.. and d,-. are significantly
difterent from smaller to bigger unit cell bronzes. For ex-
ample. «;; and d,, are larger for smaller unit cell bronzes.
wherea- ¢) and d,, are larger for bigger unit cell bronzes.
Nince the d - coefficient is equivalent to ry) (or to ry, in the
tretragonal system). it is expected that the bigger unit cell
bronzes should have similar electro-optic photorefractive
properties to those seen for BaTiO, and KNbO . crvstals.
Table 5 summarizes the classification of results obtained for
the tretragonal bronzes: the classification has been made on
the basis of unit cell dimensions. Curie temperature. and
diefectric and piezoelectric properties. The availability of

Table 5. Classification of Tetragonal Tungsten
Bronze Family Crystals

Tungsten Bronze Compositions  Tungsten Bronze Compositons
with Smalier Unit Cel! with Bigger Unit Cell
Dimensions Dimensions”

Crastal habit s evlindrical with Crvstal habit s square with 4
24 defined tacets facet-

Relatively low 7., below 200¢¢ Maderatels high 7. above
2H0°C

Maoderatelyv high dielectric
constant te), and low ¢ )

Relatively high dielectruc
constant e and low o
High prezoelectnic coeflicient

d  but fow d; at room

High piezoelectric coefficient
dy- but low d ., at roon
temperature

High electro-optic (r .y and

temperature

Maoderatels high electro optic
tr- b and pyroelectric
coefticlent~

Large. excellent quality ervstals Moderatels large orvstals
available (2 3-cm diameter) available (1 1.5 cm

diameter?

pyvroelectric coefticients

Yep SHN SKA
e g . BSKNN BTN, Phy ;Ba,Nb.O, K.Li.Nb O,

APPLICATIONS

PO —

EBN 40 S9N 8OOSR
CDIRLECTRIC ,
SEYROBLECTRC 4p
aTan HOoss

sanar
SETRIATION FREL
ot D 3y COEIH
esu2t

STEMPLRATURE
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such improved-quality bronze crystals has opened up a vari-
ety of new device concepts that includes electro-optic, pho-
turetractive, pyroelectric. SAW millimeter-wave, and trans-
ducer applications. Figure 4 shows a number of device con-
cepts being explored ai Rockwell International using bath
bronze crystals and their ceramics. In each case. signiticant
progress has been made 3% ™

PHOTOREFRACTIVE PROPERTIES

To provide an appropriate context for the discussion of
material development, the projected applications of photo-
retractive materials and the physical basis of the optical
elfects that make these applications possible should be con-
<idered in some detail. These applications include real-time
holography. optical data storage, and phase-conjugate wave-
tront generation.  Recently. increasing attention has been
tocused on using coherent signal beam amplification in two-
wave mixing. These new applications include image ampli-
tication, vibrational analysis, nonreciprocal transmission.
faser-grvo biasing, and optical computing.®'"™  All these
appheations share a need for local changes in refractive
index produced by illumination.  The issues connected with
photorefractive eftect include the sensitivity of the given
material to tHumination and the speed which the index can
b made to change. Inspontaneously polarized ferroelectric
cryvatals, ight-induced tree carriers excited in an illuminated
resion of the crvstal are displaced along the polar axis to be
retrapped.  The resulting space charge generates an electric
tield £ which gives rise 1o a retractive-index change An
thriwgh the linear electro-optic ettect. el

An =" onor B Y

where © 1s the electro-optic coetticient.
The ~pace-charge tield £ generated by the charge dis-
placement and retrapping = given simply by
Eo= ' o=
tt A €t
“u= the polarization. ¢ i~ the dielectric constant, and the
current density o is a tunction ot both v and ¢, In general.
s quite comples and i a tanction of the light intensity
I‘ v

fr Jid: o

Juvr = sl + E o+ Kalio 0D (:”
da

dT idn
+ A .
d: g dr

4l

i 16}

The tirst term i Eqg (611 the local conduction in a feld.
which s the sum of space-charge and possible external com-
ponents. The second term i~ the volume photovoltaic of -
tect. the third term is due to tree-carrier diftusion driven by
the concentration gradient 1dn dxi: the tourth and fifth
terms are transient phenumena that are due to pyroelectric
and exated state polarization, respectively. In view ot the
complenity of the phenomena contribuating to o it is ditfi-
cult to predict Eovalues ina new crvstal. Since the electro-
cptic coethicent in a cnen eevstal is more or less indepen-
dent of minor substitations, the improvement in photore-
s tive sensitnvny and speed within a single composition
hi= to come trom the magnitude and speed ot the buildup ot

e electere teld B For this reason. researchers in several

R. R. Neurgaonkar and W K Cory

laboratories around the world are concentrating on finding
~uitable electrically active dopants tor those materials hav-
ing large electro-aptic coetlicients.

No single material combines all the desired features;
hence a large number of ferroelectric crvstal compositions
have been grown and characterized to determine a possible
trade-oft between sensitivity and speed. The nonferroelec-
tric Bi,:8i0,, crystal has the desired response time (~1
msect, but its photorefractive sensitivity is moderate be-
cause r, is low. On the other hand, all ferroelectric crvstals
summarized in Table I have exceedingly high sensitivity but
moderate response times. If these ferroelectric crystals are
to be used tor device applications, their response time must
he reduced to the order of 1 msec or better. This is a kev
issue in ferroelectric crvstal development. and efforts are
under way to investigate this problem. Figure 5 shows the
veneric topics that need to be addressed to determine the
trade-off between sensitivity and speed in a ferroelectric
crvstal. for instance in SBN:60.  Since the electro-optic co-
efficient 1r.) will be unatfected tur given impurities, the
~pace charge can be controlled by adding specific impurity
levels. [t is now well established that doping crystals with
impurities that are readilv photoicnized by the incident ra-
diation greatly increases the susceptibility of crystals to in-
dex changes.  Recently Megumi ¢ al.™™ reported that the
addition of Ce produces a broad absorption in SBN:60 crys-
tal~. which increases the sensitivity considerably. Undoped
SBN:ie is transparent in the visible range. with its funda-
mental absorption edee at about 0.37 um. The addition of
Ue develups a distinet but wide absorption band around 0.50
«m. which ditters markedlv trom the electronic absorption
cilie The Ceon photoonizes by means of the reaction

Ce™ + h .- Ce'™ + ¢ reonduction).

From this work™ hoth the Ce = and the Ce** valence states
d4ppear to be present. <ince the sensitivity improves from
107 to 10 em- 0 This improvement is 2 orders ot magni-
tude higher thanto Fe =, U"* and Rh '~ -doped LiNbQ .*4'4-

Recently Neurgaonkar ef al. ™ successtully demonstrated
the growth of Ce- and Fe-doped SBN:60 single crvstals as
part of au ettort to =tudv in detail the role of these ions in
photoretractive device applications.  As shown in Fig. 6.
approximately 1-2-cm-diameter Ce- and Fe-doped SBN:60
orvstals have been grown along the (b0l direction by using
the Czochralski technique. The doping of SBN:60 with Fe,
and with Fe and Ce together, has not been done previously:
and Fe ix expected to produce interesting results, as it has

FEARGELECTRIC
1 * 3‘05} ' DOPANT PRQOPERATIES 1

J

+ ELECTRO OPTIC COEFFICIENT
+ PERMITTIVITY

DIELECTRIC RELS ATION

e STRUCTURAL FiExBILTY

» PHOTYOIOMIZABILITY

SITE PREFERENCE
‘7 PHOTOREFRACTIVE
EFFECY

VALANCE STATE
QUALITY AND Si2¢
o SENSITIVITY 10 T emd
« SPEED 1 mmec

DIFFRACTION EF5CIENCY

Fioo o Fadters determining the phetoretractive sensitivty and
speed i terroelectrie orvstals
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Table 6.

Doped and undoped SBRN Gesingle ervstals grown along the

Goals for Photorefractive Studies and

Current Status

Desired Properties

Observed Propertie~

Kesponse time ~ 1 mseq
Nenwvaty = lecd b

Large coupling coefticient >3
N
Larae ~ized and cpticasd guahin

Cryvstals

Re<ponse time achieved < 100
meg

Sensitnvaty achieved ~ 107
cm-

Coupling coetticient achieved ~
IlTam

Larce sizedv2 5-cm diameten
and striation-free SBN 60

and Ce " doped SBN w0
crvstals are available

Flectro-optic coetticen:
enhanced tor Fe "
doping

Larce electr s opta vttt s

Neessiry and te

beens vheerved to doon other terroelectrnio orvstals, e
LaNBey and KNbO

Ce-doped SBN w0 ervatais show mimimum or no stria
tions, and crvstals are ot optical quality, wherea- Fe-doped
cry~tals are highlv striated under all erowth conditions. and
the striations are tound dithicult to suppres~. In the tung-
sten bronze structure. Ce * and Ce*” are expected to occupy
the 12- and 9-told coordinated sites. while Fe-* and Fe** on»
are expected to occupy B-told coordinated sites Our results
sugpest that the existence of striations in SBN:60 crvstals
depend~ strongly on the 1vpe of dopant and its location in
the structure. Sinee Mn = Mn . Co-2 Co 2 T "Five et

W

Vol 3. No. 2 'February 1986 ) (Jpl s Am B 279
have similar ionic size and site preferences to those of Fe** it
would be interesting to check their influence on striations in
SBN:6t crvstals.

The development of striation-free Ce-doped SBN:60 crys-
tals makes possible the evaluation of photorefractive prop-
erties. specifically sensitivity and speed. Tvpical 6 mm X 6
mm X 6 mm sized cubes have been supplied for the examina-
tion. and two- and four-wave mixing techniques are being
used. These measurements are being made at California
Institute of Technology. Rockwell International, and other
laboratories, and these measurements will be reinvestigated
as better-quality crystals become available. Table 6 sum-
marizes the proposed goals set and results obtained to date
for this material. In agreement with the results reported by
Megumi et al..%" the present crystals also show the tvpical Ce
broad absorption band around 0.50 um. and this band : -
mained unchanged from one sample to another. Both the
photorefractive sensitivity and speed were estimated for
these crystals (Table 6), and the results are promising.

A useful evaluation method for photorefractive sensitivity
of electro-optic crystai is measured by the sensitivity & a~
given by Glass et al.”” The sensitivity is defined as the index
change per absorbed energy density. ie..

G- . An
AW,

ab~

(7

Fora .l wt.% Ce-doped crvstal. this sensitivity was mea-
sured to be 6.5 X 107 vem-+~J. This value is in close agree-
ment with value reported by Megumi et al.”™ and exceeds
that of Fe-doped LiNbO (Ret. 41} and Mo**- and Fe'*-
doped Ba:NaNb-0,- (Ref. 51 by more than 2 orders of mag-
nitude. For this addition. the response time also changed
becoming faster (80-100 msec) compared with that of the
undoped cryvstal (1000 msect. This is considered a signifi-
cant improvement in ferroelectric crystals. and although
details regarding the mechanism are not vet known, both the
response time and sensitivity can be improved with a suit-
able dopant. The Fe-doped crystal also showed similar im-
provement: however. the estimation of precise values was
difficult because of the crystal quality. Eftorts are under
way to reinvestigate the striation problems associated with
Fe-doped SBN:60 crvstals.

The improvement in phot: > characteristics needs
to be related to the possible ro..« o1 wuese impurities. In the
ideal picture. one needs both a donor of electrons and an
acceptor to enhance the space-charge field E.. These might
be Ce'* and Ce’* Fe'* and Fe** Ce'* and Fe**. or combina-
tions of these with Nb** and various vacancies in the SBN:60

Table 7. Valence States of Dopants in SBN:60:
Crystallographic Sites Stable

Droprae s 1 e “ 6 Donor Acceptor States”
s Ce - Cett Ce* Cet* Ce®
Coaned ND Ce Ceie Nhi- Ce'*. Nh# Ce** Ce'* Nb**
L Uy Ce Cation vac Ce'*

- ~ -

b Fe " Fe * Fe - Fe - Fe'*
B N1 Fe © Nhts Nh'* Fe " Fes. Nb'*
ke Fe Cation Vac Fe Fe*
[ Cot b Ce - Fe'* Ce*, Fe'r
[ER ST

ARTIR IR
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Fu1ssad0a g [ronyd() 10 SjRLIdIBA



S e o e . ——r— = "

-7
=
)
]
[
D
3]
[=]
[ 5
(=
—
«
Q
oot
<
2
o
St
8
[72)
—
]
o
ot
%]
-
=

280 J.Opt Soco Am. B Vol 30 No. 2 February 1986

structure. The current results clearly indicate that the ad-
dition of Ce and Fe dopant enhances the photorefractive
properties. however, the presence of the various charge
states of Ce'*/Ce* (Fe*/Fe'*) has not vet been established.
Because Ce'* (ar Fe'*) is stable at the growth temperature,
there exist several possibilities for the species that form
charge traps. as shown in Table 7.

In the present case. he tendency of Nb** to reduce to
Nb** provides the possibilitv of donor states. Since the
preferred state of Ce at the growth temperature is Ce'*, a
donor. some questions concerning the identity of the accep-
tor in Ce-doped crystals remain. The observed tendency of
Nb** to reduce the growth temperature may encourage the
formation of vacancies, which would act as either donors or
acceptors. Currently we are using optical and Mossbauer
spectroscopy to identify the donor and acceptor species in
these crystals. Once this is accomplished. both sensitivity
and speed should be controllable.

The improvement in photorefractive properties obtained
by doping SBN:60 crystals presents a unique opportunity to
study new device concepts. At the same time. these studies
provide the basis for understanding the photorefractive
mechanism responsible for these improvements and guide
the search for new classes of electro-optic materials.

FUTURE TUNGSTEN BRONZE FAMILY
MATERIALS

Another approach to the development of improved photore-
tractive materials is the use of morphotropic phase boundary
1MPB) composition crystals. i.e.. investigating photorefrac-
tive sensitivity and speed in materials having a large electro-
optic effect. The electro-optic properties close to the MPB
regions are at least 5 to 10 times better than the current best
materials, such as SBN:60 and BaTiO.. and offer a unique
opportunity to develop superior photorefractive materials.
Figure 7 shows a typical ferroelectric tungsten bronze
Pb,_Ba,Nb,Ox svstem. in which the MPB region is located
at v = 0375 In this region, the electro-optic. dielectric,
pyroelectric. and piezoelectric properties are exceptionally
large. and thev are largelyv temperature independent.
Several of the most usetul tungsten bronze and perovskite
svstems show MPR's near which the polarization is large.
giving large electro-optic. dielectric. and other properties.
As shown in Fig. 7. on a binary phase diagram a MPB ap-

71 T T T v T
Pb,Bey Nb;0g

—

800+ —
.
i
- 4
s ! MORPHOTROMC PHASE BOUNDARY
. i ~
- 400 - - :J
5 ! B i
« ! S
< L ~ ‘J
; | TUNGSTEM GRONIE TUNGSTEN BRONZE g '
- ORTHOAHOMBIC TETRAGONAL
200~ M2 amm H
| ” R g
‘L I, Ie H
»
.')\ AN 4
! ~ H |
oL PO T § 1 L 4 - i
0 ) 20 30 40 50 a0 10 80
onp 04 MOLE % 84 BaNb30¢
Fie T Phase diagram (or the Pby  Ba, Nb (), ~olid ~ofution ~v--

fem

R KR Neurgaonhar and W N Cary

700 T T T T T T T
ORTHORMOMBIC imm 2 | TETRAGONAL 4 mm
t O— 033
600} i -
= 2T
z |
v I
o s004 | B
2 |
= 400}~ | .
- .
H = MPE REGION —om{
b |
o4 -
H 100 i\ _}
g (Y
s AN
2004 -
§ | \
¥ ! AN
1004 l o~ .
- c | AR
I S~~gzopT
-, S W N S A 1 1
G 16 26 30 a0 50 3 70 (L]
PoNb20g MOLE % Ba [ ST

Fig. 8 Piezoelectric td:, and d;:) coefficients as a tunction of
composition in the Pb,_,Ba, Nb.0), svstem.

pears as a nearly vertical line separating two ferroelectric
phases. i.e.. the houndary occurs at a nearly constant compao-
sition over a wide temperature range up to the Curie tem-
perature. Poled crystals near such boundaries show unigue
and enhanced electro-optic properties because of the prox-
mmity in free energy of an alternate ferroelectric structure.
A detailed description of MPB behavior has been provided
by Jatfe ot al.5-

For the Pb;_,Ba,Nb.Oy svstem the coexisting phases at
the MPB are tetragonal and orthorhombic.  In the tetrago-
nal (4mm) svmmetry tor ferroelectric bronzes. the electro-
optic coefficients r.. of single domains are given from the
phenomenological model of Cross ¢ @l ™" interms of the g,
yuadratic coefticients of the prototype by relations of the
torm

roo=2e P
roo=20 P
ro=rg =00, b, t8)

where ris the electro-optic coeflicient. p i~ polarization. and
¢ is the dielectric constant.

The last relation is of special interest in that tor a composi-
tion close to the MPB. but a long wav trom the ferroelectric
Curie temperature. both Prand ¢, can be very large and can
be largely independent of temperature.

For orthorhomic compositions close to the MPB, the
equivalent relations are as tollows"*:

ry =re=2e P

re= g = 200

ra =r\_‘l-).‘-'«1l'|':\

ry= = e

r = ro= e N

Now it is Poand e that will be large. <o that the anomalously
large and nearlv temperature-invariant values ot r.cand r
are 1o be expected. A detailed description of the phenome -
nological model has been given by Cross o al

Inthe Ph_,Ba.Nb O, svstem Cross ¢ al " " have already
demonstrated that it is possible to grow small crvsals at
compositions dose to the PBN 60 houndary phase. For
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compusitions on both sides of the boundarv. as expected. the
¢ quadratic coefficients are largely temperature indepen-
dent as expected. and their quadratic coefticients are bigger
than those for SBN. With increasing lead content. they
have also demonstrated that the piezoelectric coefficients
d,- and d_; (as shown in Fig. 8). which are equivalent to r3,
and r,.. do in fact escalate dramatically as the composition
approaches the MPB and that the values are larger than
those fur BaTiO. Since the Pb**-cuntaining crystals are
often difficult to grow. we have indentified other MPB sys-
tems within the tungsten bronze tfamily. eg., Ba:Na-
f\'b-\O;-.—Sr_xNaNb-\Oy.. Ba;}\'Y\'h"O.;‘—SrgNaNb;O,_—.‘
and SroNaNb;0;5-CasNaNb; ;" The major advantages
ot the MPB crvstals tor photorefractive studies are the
tollowing:

(1y  The separation from the phase boundary is a func-
tion of composition. not temperatures: i.e.. the boundary is
morphotropic. so that the very high values of the constants
persist over a wide temperature range.

121 For compeositions close to the boundary. r-, and ry_
values larger than those for BaTi0O. are possible.

t31 Since the prototvpe svmmetry is 4 mmm, only one
unique fourfold axis exists and 90° twins are not possible:
hence cracking is not so severe a problem as reported for
BaTiO .

140 Vervlarge transverse dritt fields could be achieved.

At Rockwell International. we are devoting considerable
eftort to the development of MI'B composition crystals in
the expectation that thev can prosvide a real breakthrough
tor device applications based on the photoretractive effect.
These crvstals should alse be beneticial tor other applica-
tions, such as electro-optic switches and modulators. trans.
verse pyroelectric focal plane arravs. SAW '~ and piezoelec-
tric transducers. The potential benetit in these apphcations
justities the development ot these materials. although the
matenials mav be gquite difficult to grow i appropriate size
and quality.
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Development and modification of photorefractive properties
in the tungsten bronze family crystals

Ratnakar R. Neurgaonkar

W. K. Cory

J. R. Oliver

M. D. Ewbank

W. F. Hall

Rockwell International Science Center
Thousand Oaks, California 91360

Abstract. The Sry_,Ba,Nb,Og (SBN) and Ba; - Sr,K, - ,Na,NbsO,s (BSKNN)
tungsten bronze solid-solution systemns are shown to be promising photo-
refractive materials. Because of the versatility of the bronze structure, both
the response time and spectral response can be controlled by aitering the
type of dopant and its crystallographic site preference. This paper reviews
the current status of the tungsten bronze crystals SBN and BSKNN for
photorefractive applications in terms of their growth, electro-optic char-
acter, and the role of cerium dopants. Ferroelectric morphotropic phase
boundary {MPB) bronze materials are also discussed as potentially im-
portant for future development.

Subject terms: optical information processing, tungsten bronze ferroelectrics; mor-
photropsc phase boundary, electro-optic properties; pyroelectiic properties, di-
electric properties.
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1. INTRODUCTION

The ability 1o efficiently interact one light wave with another is
the key to a host of applications. including optical computing.
image processing, and phase conjugation. which are being de-
veloped around the world. This recent upsurge of interest in
lightwave technology has focused attention on those materials
whose optical properties are sensitive to light and that are there-
fore known as nonlinear optical materials. An important subset
of these are photorefractive materials in which a change in the
refractive index is induced by nonuniform illumination via a
space-charge field and the electro-optic effect.

Perhaps the best known of the photorefractive materials are
perovskite BaTiO1 and tungsten bronze Sr; - \Ba,Nb-Og, (SBN);
significant photorefractive effects also have been observed in a
vanety of other electro-optic crystals. '~ Depending on the crys-
tal structure. the dopant distribution on available crystatlographic
sites. the band gap. and the electro-optic coefficients of a given
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crystal. refractive index changes may be induced not only by
visible but also by ultraviolet and intrared radiation.

This paper reports the recent progress at Rockwell Interna-
tional in developing new photorefractive materials based on the
ferroelectric  tungsten  bronzes. principally SBN  and
Ba> . SrK; - Na,NbsO,< (BSKNN). Single crystals from these
systems exhibit exceptionally large electro-optic properties, making
them excellent candidates for development as photorefractive
media. From the total group of bronzes studied in our laboratory.
SBN and BSKNN crystals were selected because they possess
distinctly different electro-optic characters: that is, SBN shows
the largest sensitivity with the static and optical fields oriented
along the crystal c-axis, whereas BSKNN 1s most sensitive with
the siatic electric field oriented along the a-axis and the optical
field oriented in the a-c plune. The growth of these bronze crys-
tals in optical quality and large size has made possible the sys-
tematic investigation of their photorefractive effects at our lab-
oratory and at other institutions. including the U.S. Army Night
Vision Laboratory, the California Institute of Technology. and
The Pennsylvania State University.

2. FERROELECTRIC TUNGSTEN BRONZE FAMILY
CRYSTALS

Ferroelectric tungsten bronze oxides have been studied for their
electro-optic and pyroelectric'*™!” properties and are found to
be effective in many related applications. The bronze compo-
sitions can be represented by the general formulas as
(A1)a(A2):CaB10030 and (A1)a(A2)2B 100, in which A, As,
C. and B are 15-, 12-. 9-, and 6-fold coordinated sites in the
crystal lattice structure. The tetragonal bronze prototypic struc-
ture is shown in Fig. ] in projection on the (001) plane.'®' A
wide range of solid solutions can be obtained by substituting
different A;. A2, and B cations,™""*" and a number of different
types of ferroelectric and ferroelastic phases have been identified
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c
Fig. 1. Projection of the tetragonal tungsten bronze crystal structure
on the (001) plane.

tmore than 100 compounds and sohd solutions). The terro-
electric phases can be divided nto two groups: those with te-
tragonal symmetry (4mm). which are ferroelectric. and those
with orthorhombic symmetn (mm2). which are both rerro-
electric and ferroelastic

Crystals that are noncentrosymmetric, i.e.. lacking a center
of symmetry. may exhibit both linear and quadratic electro-optic
and elasto-optic effects. In all of the crystals discussed here. the
linear effects are dominant. Thus. a linear change in the optical
index of refraction can be induced by either an electric field
(electro-optic effect). strain (elasto-optic effect). or nonuniform
illumination (photorefractive effect). Strain can be produced by
an electric field (piezoelectric) or by stress (elasticity). The ma-
trices of the electro-optic coefficients in the reduced matrix form.~*
r,. are given in Table [.

Generally. for the tungsten bronze family the electro-optic
coefficients ris. rya, and rs; are large, but they can be substan-
tially larger for compositions close to morphotropic phase bound-
aries. The SBN solid-solution crystals exhibit exceptionally large
electro-optic coefficients that are based on three independent
nonzero moduli: r3; = 1:1.13> = sy, and rax. The largest electro-
optic effect is observed for the dc electric field parallel to the
single tetrad symmetry axis xa, which is also the polar (¢) axis.
and with light propagation normal to the x: direction. The phase
retardation 8 in this case is given by

2mé A
b= —= ()
n: — Mm

where ( is the path length. Ao is the free-space wavelength, and
n3 and n} are the principal indices of refraction normal to the
direction of propagation x;. In this case.

3 1
n.JnE , n.rnE
m=Nn,—-—7—. i = n — By

“- -

TABLE |. Elactro-optic ry; mstrices for mm2 and 4mm bronze
crystalis.

Orthorhombic (mmZ) Tetragonal (4mm)

0 0 13 0 0 r13
0 0 ra3 0 0 13
3 0 3 0 0 13
0 raz 0 & rep O
rep 0 0 reg 0 0
0 0 0 0 c 0

TABLE Il. Half-wave field-distance products [E-L], ; for
Sy . KB!.szOg.

f x = 0.25 x = 0.40 x = 0.50 x = 0,75
dc 37 V dc 150 v dc 250 v oc -
1 MHz 80 V pp 00 v oep 67€ V pp 1340 V pp
15 MHz a8 v pp 200 V po 580 V pp 1236 v pp

where n, and n. are the ordipary and extraordinary optical in-
dices. respectively.

For light propagation parallel to xz: and an electric ticld par-
allel 1o the x; 1) axis. d 1s wntten as above. but for nj and
n>. given by

15, B3 3

Crystals that have been invesugated in the SBN system are
those for which x = 0.25. 0.40. 0.50. and 0.75.'%** The half-
wave field-distance products [E-L]x > at 632.8 nm for the electric
field along xa. with light propagation normal to xz and polanzed
at 45° with respect to the principal axes, are shown in Table 1L
In SBN:75 (x = 0.25) for a one-to-one aspect ratio of electric
field path to optical path length. (hgihalt‘—\na\e field-distance
product {E-L]y2is 48 V at 15 MHz.=" By way of comparison,
this is equivalent to the quadratic effect in KTN at 2000 V. The
48 V required in SBN:75 is also 60 times smaller than the 2800 V
obtained previously for LiTaOs: and LiNbO;.~® Because of such
excellent electro-optic properties for the SBN solid solution.
considerable research has been performed on this as well as on
other bronze systems. Some of the unique advantages of bronze
crystals are as follows:

(1) This family of crystals possesses extraordinarily large trans-
verse and longitudinal electro-optic coefficients. especially
near a morphotropic phase boundary (MPB).

A trade-off between sensitivity and speed can be investigated

in photorefractive studies due to the structural flexibility. In

the tungsten bronze structure. several crystallographic sites
can be partially empty. which allows crystal compositions
to be tailored.

(3) Several ferroelectric MPB compositions have been identified
in this family.

(4) The lower prototype symmetry gives a large family of quad-
ratic electro-optic g coefficients and the possibility of an-
isotropic conduction. The nonzero values are gi1. g12. 813+
gaa. and gec, as compared to gy ). g2. and gas in perovskites.

(5) In the tetragonal bronzes. since the high-temperature proto-

—~
(5]
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type symmetry is 4mm. only one unique 4-fold axis exists,
and 90° twins are absent: hence, crystals are not likely to
crack during poling.

3. TUNGSTEN BRONZE SYSTEMS FOR OPTICAL
APPLICATIONS

As discussed in the previous section. the tungsten bronze family
offers a wide variety of orthorhombic and tetragonal composi-
tions for optical applications. Since the figures of merit for electro-
optic and photorefractive applications are all proportional to the
electro-optic coefficients of the matenals. respectively. it is im-
portant to examine bronzes that exhibit large electro-optic coef-
ficients and at the same time are relatively easy to grow in bulk
single-crystal form. From extensive work in this family. we have
found the tetragonal (4mm) bronze compositions to be prom-
ising. and we have grown a number of tetragonal bronzes for
optical studies during the past 10 years. Of the total group of
tetragonal bronzes. the SBN and BSKNN solid solutions have
been studied in more detail since the transverse and longitudinal
electro-optic coefficients are adjustable in these systems. SBN
crystals exhibit a strong transverse (r33) electro-optic coeffi-

cient.,” whereas a strong longitudinal (rs)) electro-optic coef-
ficient is anticipated for BSKNN. *" The phase relation and crys-
tal growth problems associated with each system are discussed
in the following sections. together with the potential optical
interest in each.

3.1. The SBN system

The solid-solution Sri_.BaNb:0s. 0.75 = x =0.25. belongs to
the tungsten bronze family. as shown in Fig. 2. even though the
end members StNb>O, and BaNb->Or, do not exhibit a tungsten
bronze structure. This system was originally studied by re-
searchers at Bell Laboratories. »\here SBN‘ S0 crystals were grown
using the Czochralski technique. ™ considering SBN:50 to be
the congruent melting composition. In the mid-1970s. Honey -
well researchers™” "' also studied the growth of doped and un-
doped SBN:50 for pyroelectric applications with considerable
success. Subsequently. Japanese researchers ' reexamined the
phase relation in the SINb>Oq-BaNb:Os svstem and reported
that Sr; ¢Bag aNb>Op (SBN:6()) is the only congruent melung
composition in this system. The work at Rockwell International
also confirmed that SBN:60 1s very close to congruent melting
and therefore is much easier to grow than SBN:S0 or SBN:75.
The tetragonal tungsten bronze SBN solid solution is repre-
sented by the formula (A7a(A2):B100s0. in which both Ba™~
and Sr°~ are in the 15-fold (A}) and 12-fold (A3} coordinated
lattice sites. Since the 15- and 12-fold coordinated sites are
partially empty in this system. SBN 1s referred to as an unfilled
bronze. Furthermore. because of these partially empty crystal-
lographic sites. both Ba™~ and Sr™ " have a considerable ten-
dency to exchange sites. often creating crystal strain and optical
stnations. However. these problems have been successfull\
overcome. and optical-quality crystals are now available %

3.2. The BSKNN system

The Ba,.,.SrK;- Na,NbsO;< compositions considered here
exist on the SrNb:O¢-BaNb>O«-KNbO:-NaNbO: quaternan
system shown in Fig. 3. Although the end members in this
system do not belong to the tungsten bronze family. extensive
tungsten bronze regions have been established. The compositions
exhibiting a tungsten bronze structure can be either tetragonal
(4mm) or orthorhombic (mm2). the latter occurring basically for
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Fig. 2. Curie temperature versus composition for the SrNb;Os-
BaNb,O¢ binary system.
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Fig. 3. The phase reiation in the SrNb,Og-BaNb,0¢-KNbO;3;-NaNbOy
quaternary system.

Na™ -containing compositions such as Sr-NaNbs<O;s and
Ba:NaNbsO,s. On the other hand. K ™ -containing bronzes are
typically tetragonal at room temperature, excep! fo for a few ma-
terials such as Pb;KNbsO)s and K;Li-Ta<Oys.

In the tetragonal BSKNN system. the relative magnitudes of
the transverse (r33) and longitudinal (rs)) electro-optic coeffi-
cients are strong functions of both the Ba:Sr and K:Na ratios.
Since these properties are important for optical studies, our work
has concentrated on the binary join between BSKNN-1 and BSNN-
4. shown in Fig. 3. Although Yuhuan and Cross* successfully
grew a few BSKNN compositions, they did not fully e~wblish
the phase diagram for this system. We have expanded on this
early work and have systemaucally studied this system; part of
this work is published elsewhere.“’ In the bmar) join between
BSKNN-1I and BSNN-4 in Fig. 3. BSNN-4 is orthorhombic at
room temperature and is a pan of the SrwNaNb<O|<—BavNaNbsO|5
system. This system was studied by Oliveret al.."* and a possible
morphotropic phase boundary was found at x = 1.2
(Sry ;Bag sNaNbsO,5). Because of the MPB region in this sys-
tem. BSKNN compositions that lie close to this boundary also
should exhibit enhanced electro-optic and ferroelectric proper-
ties.

*Xu Yuhuan and L. E. Cross. private communication (1981)
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TABLE il). Growth conditions for tungsten bronze SBN and BSKNN crystals.

Growth Condition SBN:75 SEN:60 BSKNN-1 BSKNN-2 BSKNN-3
Growth Temperature (°C) - 1500 - 1510 1480 1475 1475
Growth Atmosphere Afr or 02 Afr or 02 Air Afr Adr
Size Cubes Available -6to8mm 10 to 25 mm 5 to 6 mm 6 toc 8 mm 10 mm
Crysta) Size - 2.0 cm - 3.0 cm ~ 1.0 ¢m - 1.5cm - 1.5¢cm
Crystal Shape Cylindrical Cylindrical Square Octahedron Octahedron
Facets ([001] growth) 24 24 4 8 8
Crystal Color {without Ce] Pale Cream Pale Cream Colorless Colorless Colorless

te3* in 15. or 12-Fold Pink Pink Pink Pink Pink

ce3* 1n 9-Fold Green-Yellow

Green-Yellow

Green-Yellow Green-Yellow Green-Yellow

In contrast to SBN crystals. BSKNN has all of the 15- and
12-fold coordinated sites fitied. For this rcason. BSKNN com-
positions show quasi first-order ferroelectric phase transition be-
havior with reduced relaxor (frequency-dependent) effects com-
pared to SBN. The results of our investigations suggest that
relaxor behavior may depend on the distribution of Ba”~ and
St over the 15- and 12-fold coordinated sites. as well as on
crystal annealing conditions.

4. GROWTH OF TUNGSTEN BRONZE CRYSTALS

The growth of orthorhombic tmm?2) and tetragonal (4mm) bronze
crystals has been a subject of great interest for many vears. and
considerable progress has been made in the growth of crystals
of sunable size and quality. Future goals involve the develop-
ment of large-scale SBN and BSKNN growth facilities to rou-
tinely grow 4 to 5 cm diameter crystal boules. Based on current
work. the development of such large high-quality crystals should
now be feasible

The tetragonal SBN and BSKNN solid solutions are com-
paratively easner to grow than orthorhombic crystals. Neur-
gaonkar et al.* ® extensively studied the problems associated
with these LI’)S(HIS and successtully established the necessary
conditions for Czochralski crystal growth. Table Il lists the
growth conditions for a number of key tungsten bronze materials.
Although lar - crystals have been developed from these com-
positions, severai problems are associated with their growth:

(1) Multicomponent solid-solution systems: it is difficult to es-
tablish the true congruently melting compositions.

{2) High material melting temperatures (above 1450°C> vola-
tilization and oxidation-reduction problems (Nb* ~ = Nb* ")
are common.

(3) Exchange among crystallographic sites, specnﬁcall\ of the
15- and 12-fold coordinated ions such as Ba”~ . Sr" ", K*
and Na~ . which causes severe stnation problems.

{4) Cracking of crystals when passing through the paraelectric/

ferroelectric phase transition temperature. For tetragonal
crystals, this is less severe than for the orthorhombic forms,
but it is still a concern for BSKNN, K;Li:NbsO,s (KLN).
etc.

The congruent melting composition SBN:60 is the easiest to
grow in large sizes up to 2 to 3 cm in diameter. as shown in
Fig. 4. Two other compositions. SBN:75 and SBN:50, also have
been grown in optical quality by carefully controlling the melt
temperature during growth. Since these latter compositions are
far from true congruent meiting, it is noteworthy that optical-
quality crystals of sizes up to 1.5 cm in diameter have been
achieved in both doped and undoped forms (Fig. 4).

Fig. 4. Typical SBN and BSKNN single crystais grown siong the (001)
direction.

‘:;um:nmm[mu‘ “nmuunnnm\n
3 4 k 6 4

mmscm

Fig. 5. Typical BSKNN single crystals grown along the {001} direc-
tion.

The congruent melting composition for the BSKNN system
has not been conclusively established: however, the ease of
growth of BSKNN-2 (Table 1II) suggests that the congruent melting
composition lies near this composition. Notwithstanding this
uncertainty. optical-quality crystal growths have been obtained
for BSKNN-1. BSKNN-2, and BSKNN-3, as shown in Fig. 5
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Fig. 6. Idealized forms of tungsten bronze crystais. Top—large lon-
gitudinal effects; bottom—large transverse effects.

for BSKNN-1 and BSKNN-2. The results indicate that factors
of major concern in obtaining opuical-quality tungsten bronze
crystals are

(1) Impurities in starting materials. Ca " Fe' " Mg lew
(2) Rotation and pulling rates: Opuimum rates are needed to
control temperature instabihity ansing trom poor thermal
conductivity. X .

Coohing rate vaniation: Sr™” and Ba™ ™ distibution changes
on the 15- and 12-fold coordinated sites tor different cooling
rates.

A most striking and uncommon feature of these tetragonal bronze
crystals is that they all show natural facets. The bronzes exhib-
iting large transverse effects. e.g.. SBN:60. SBN:75. and
SraKNbsO) s (SKN). are cylindrical in shape and exhibit 24 well-
defined facets.**** whereas bronzes exhibiting large longitudinal
effects. e.g.. BSKNN. Pby B, aNb2O6 (PBN:60). and KLN.
have a square or octahedral shape. depending on the size of the
crystal unit cell. For BSKNN compositions. the larger unit cell
BSKNN-2 and BSKNN-3 grow in an octahedral shape. with
eight well-defined facets.”” Figure 6 shows the idealized forms
of bronze crystals. The results of our investigation of the BSKNN
system indicate that as one moves toward the BSNN-4 end mem-
ber composition. transverse optical effects become large: hence.
we expect that beyond the BSKNN-3 composition. the crystal
habit should be nearly cylindrical. as is the case for bronze
SBN:60.

(3

S. FERROELECTRIC AND OPTICAL PROPERTIES

The dielectric properties at 10 kHz for bronze SBN:60 are shown
in Fig. 7 as a function of temperature for a- and c-axis (polar)
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Fig. 7. Temperature dependence of the dielectric constant for SBN:60.
Solid line—c-axis {polar);, dashed line—a-axis.

crystals. Similar to other ferroelectric materials. the polar axis
dielectric constant shows a very large anomaly at the Curie phase
transition temperature T.. which for SBN:60 occurs nominally
at 75°C. Below T, the dielectric constant decreases monoton-
ically to a value of 900 to 950 at room temperature. Along the
nonpolar a-axis. only a small discontinuity is seen at T.. below
which the dielectric constant remains relatively flat with tem-
perature. with a value of 450 to 500 at room temperature. Other
SBN compositions show similar behavior but with differing val-
ues for T, (120°C for SBN:50. 56°C for SBN:75).

SBN crystals that have been poled to a single ferroelectric
domain. achieved by applying electric fields of 6 to 10 kV/em
during slow cooldown from above the phase transition (90°C).
show minimal frequency dependence of the low-frequency di-
electric properties at or below room temperature (2% dispersion
over 100 Hz to 100 kHz). However. as T, is approached. a
strong dielectric relaxation behavior s observed.'” and therefore
SBN crystals are referred to as relaxor ferroelectrics. This be-
havior results from the distnbution of phase transition temper-
atures in the bulk of the crystal arising from the lattice site
uncertainty of the Sr and Ba i1ons 1n the partially filled lattice
structure. In SBN:60. this transition temperature distribution is
estimated to be 3 to 7°C in width.

The effects of a distribution in phase transition temperatures
are especially evident in the behavior of the spontaneous polar-
ization P, derived from measurement of the pyroelectric coef-
ficient p as a function of temperature. both of which are shown
in Fig. 8 for SBN:60. The notable feature in this figure is that
P, has a nonzero value well above T, as a result of the distribution
of phase transition temperatures in the crystal. Below Te. P, rises
smoothly to a value of 33 nCicm- at room temperature. The
large pyﬁroe)ectric coefficient at room temperature (0.10
pCem™ K™ ') is the reason that SBN also has been found
interesting for uncooled pyroelectric thermal imaging investi-
gations.

Crystals in the BSKNN solid-solution system are character-
ized by significantly higher T, values than found for SBN com-
positions. The 10 kHz dielectric properties for BSKNN-1, our
original BSKNN composition grown in bulk single-crystal form.
are shown in Fig. 9 for the a- and c-axis (polar) crystallographic
orientations. Like SBN. the polar axis dielectric constant is char-
acterized by a sharp dielectric anomaly at the ferroelectric phase
transition temperature T.. which for BSKNN-1 occurs at 203 to
208°C. Below T, the c-axis dielectric constant decreases mono-
tonically to approximately 100 at room temperature. Along the




———— e —

DEVELOPMENT AND MODIFICATION OF PHOTOREFRACTIVE PROPERTIES IN THE TUNGSTEN BRONZE FAMILY CRYSTALS

1074r T T T T ]
3 SBN:60 ]
o T ]
F P. ‘ 9
L .
1078 3
- 3 3
NE r P
8 [ ]
9 r A 1
“' of ,' -
e N
© 106k h E
~ E 1y 3
£ E Iy ]
o F [\ 1
3 . Iy 1
b / \ 4
/
’ \\
1w 7F Pid \
- P
3 -7 AN
* ,’/ p N\
- \\ 4
b AN
\
10-8 1 i 1 i J. Y
-100 -50 0 50 100 150

TEMPERATURE (°C}
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Fig. 9. Temperature dependence of the dielectric constant for BSKNN
crystals. Solid line—c-axis {polar); dashed line— a-axis.

a-axis. only a slight dielectric anomaly is observed at the Curie
point, with a value nearly two orders of magnitude smaller than
for the c-axis. However. the a-axis dielectric constant remains
relatively flat below T.. so at room temperature it is nearly four
times larger than the c-axis constant. Below room temperature.
it then rises gradually to a value of 470 at - 150°C.

The low-frequency dielectric properties of BSKNN-2. also
shown in Fig. 9. are similar in overall behavior to those for
BSKNN-1. However, BSKNN-2 has a lower Curie point (170
to 178°C). which contributes in part to its higher c-axis dielectric
constant of 170 (poled) at room temperature. The a-axis dielec-
tric properties for BSKNN-2 are also considerably larger. with
a dielectric constant of 750 at room temperature, rising to above
1000 at — 150°C, values that are a factor of 2 or more greater
than for tungsten bronze SBN:60 single crystals.

The most recently developed BSKNN crystal composition,
BSKNN-3, has dielectric behavior strikingly similar to that shown
for BSKNN-2, with a T. only 3 to 5°C higher (Fig. 9). The
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Fig. 10. Spontaneous polarization P, and pyroelectric coefficient p
as function of temperature for BSKNN-2.

major difference observed is 4 more gradual decline in the
c-axis dielectric constant below T, resulting in a room-temperature
value of 270. The a-axis behavior of BSKNN-3, on the other
hand. is virtually unchanged from that of BSKNN-2.

The spontaneous polarization and pyroelectric coefficient as
a function of temperature for BSKNN-2 are shown in Fig. 10.
Like SBN. the spontaneous polarization has a nonzero value
above the mean Curie point T.: however. both the polarization
and dielectric data indicate that BSKNN compositions have a
much narrower distribution of phase transition temperatures (2
to 3°C) than does SBN:60. This is a reflection of the fact that
in BSKNN compositions. all of the A, and A; lattice sites are
filled. unlike in SBN. where up to 20% of these sites can be
vacant. Below T.. the polanzation of BSKNN-2 rises sharply
and attains a value of 34 uC'cm3 at room temperature. a value
roughly equal to that for SBN:60. This high spontaneous po-
larization, combined with the high a-axis dielectric constant,
implies that BSKNN-2 (and BSKNN-3) should have a very large
rs) electro-optic coefficient.

The ferroelectric and electro-optic properties of these bronze
compositions are summarized in Table [V. All of the quantities
shown have been measured except rs;. which is presently under
evaluation. In the table. rs; is estimated from the phenomeno-
logical relation

rs = 28uPiei€0 | 4)

where gy is the quadratic electro-optic coefficient of the high-
temperature (paraelectric) prototype. P is the c-axis polanza-
tion, €, is the a-axis dielectric constant, and € is the permittivity
of vacuum. The value of gus is estimated to be 0.09 m*/C* from
measurements on SBN crystals: however, there is evidence that
the quadratic electro-optic g coefficients may not be constant
across the family of tungsten bronze compositions. In particular.
the rs; values estimated for the BSKNN compositions in Ta-
ble IV may, in fact, significantly underestimate the true values,
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TABLE IV. Ferroelectric and optical properties of bronze crystals.

Sry_xBa,Nb,0g (SBN)

Baz_,erkl_yNabesols {BSKNN)

Property

SBN:75 SBN:60 BSKNN-1 BSKNN-2 BSKNN-3
T 0 5€ 78 209 17% 180
Dielectric Constant (23°C) ¢33 = 300C €33 = 900 ¢33 = 120 ¢ =170 ¢ = 270
€1y = 502 (ﬁ = 450 :l% = 360 (?? = 750 t:ﬁ s 78C

Piezoelectric Coefficient d33 = 130 d33 = 60 d33 = 10

(- 10732 C/N) d]g = 40 dj5 = 80  d)g = 200
Electro-optic Coefficient r33 = 1400 r33 = 470 r33 = 150 r3y = 170 r35 - 270
(» 107:7 m/v) rgy = 42 r5§ = 42 rg; = 200 rg:: = 350 rg? - 400

TABLE V. Electro-optic figure of merit for leading ferroelectric crystals.

Electro-Optic

Dielectric Coefficient

Crysta? Constant 107:7 m/v
£33 "33 "s1 rgle Pyl
Svc'75550.25Nb2C6 (SEN:TS5) 500 3027 1407 a2 0.467 5.60
SroleBaO'dNbgGé (SBN: 60 asp 93¢ 420 42 0.52¢ €.2€¢
Srp_yCa,Nalbglye (STNN) 1700 1707 > 1802 - 0.47C 868
PbO‘CBaO‘dNbZCE (PEN:ED 1907 537 - > 1600 0.84% 16.10
BSKNN. 3€C 120 18° 2 200 0.55¢ €.67
BSKNN-C 707 17¢ e 3s5C 0.59¢C €.CC
BSKNN-Z 787 2 - 270 - 400 C.&8lC €.1%
BaT1C3 AICEAV 187 8c 160C 0.39C 4.01
KN4 g5z 2T [ 38C 0.4 4.20

TABLE VI. Comparison between leading photorefr ‘ve crystals.

TUNGSTEN BRONIE BSKN%

PEROVSKITE BaTiO3

Large jongttudiray v, g, €., aveliarle

* Excellert ncst for photorefractive and eiectr:-
optic applications

* lLarge square anc octohedron crystals (> 1.5 ¢m)
with pptica’l quality can be grow

* Absence of twinning (4/mmm - 4mr}

* Absorption and response controlied in the desired

spectral range using proper crystallographic
site/sites for a given dopant

* No tetragonal to orthorhomdic transition
observed down tc 1n temperatyre

* Qper structure - structural flexibility to alter
crystal composition

* Large longitudinal Tevs 615' Lo avaflable

* Excellent host for photorefractive and electro-
optic applications

* Pure BaT103 crystals are avatlable up to

P

Pxlx :m3

* 90° twins are present {(m3m — 4mr)

* Controlled spectral response with dopants
possible, but difficult

* Tetragonal to orthorhombic transition occurs
at 10°¢C

* (lose-packed structure: limited compositional
flexibility

based on the observed discrepancies between theoretical and
experimental values for rax. However. this awaits further ex-
perimental confirmation

Table V summarizes the optical figures of merit n;r,,/e and
ry/€ for a number of tungsten bronze and perovskite crystals.
including SBN and BSKNN. For phase conjugation (self-pumped).
image processing. and optical compulmg applications. the rel-
evant figure of ment can be taken as n'r,’e. which has been
found to be larger for many tungsten bronze crystals than for
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perovskites. In the case of bronze crystals exhibiting large lon
gitudinal electro-optic effects. there is a possibility of raisin;
this merit further simply by cooling below room temperature
For example, in BSKNN crystals. both €, (and therefore rs;
and the spontaneous polarization increase upon cooling to liqui
nitrogen temperature.

Table VI summarizes the comparison between tungsten bronz
BSKNN and perovskite BaTiO; crystals. Both crystals are ex
cellent for electro-optic and photorefractive applications. BaTiQ
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crystals are commercially available, and as a consequence they
are extensively studied for optical applications. However, BaTiO;
is relatively difficult to grow as compared to BSKNN solid-
solution crystals. The two major advantages of BSKNN crystals
over BaTiOs are that (1) no twinning or poling problems exist
due to the simple tetragonal-tetragonal phase transition
(4/mmm to 4mm), and (2) cooling can enhance the figure of
merit (decrease in polar-axis €33 and increase in rs)) because the
tetragonal-orthorhombic phase transition. if any. lies at or below
liquid nitrogen temperature, as opposed to ~5 to 10°C in BaTiOx.
The availability of large size. optical-quality SBN and BSKNN
crystals opens up a variety of new optical device concepts. in-
cluding phase conjugation. image processing. and optical com-
puting. Because of the versatility of this family. either ry; or rs,
can be made large for specific device needs by changing the
composition in either the SBN or BSKNN system.

6. PHOTOREFRACTIVE PROPERTIES

To provide an appropnate context tor the discussion of matenal
development, the projected applications of photorefractive ma-
terials and the physical basis for the optical effects that make
these applications possible should be considered in some detail.
These applications include real-time holography. optical data
storage. and phase-conjugate wavefront generation. Recently.
increasing attention has been focused on using coherent signal
beam amphﬁcauon in two-wave mixing. These new applications
include image amphification, vibrational analysis. nonreuprm al
transmission. laser gyro biasing. and optical computing ** ™
All of these applications share a need for local changes in the
optical refractive index produced by nonuniform illumination.
The issues connected with the photorefractive etfect include the
material sensiuvity to illumination and the speed with which the
index can be made to change.

In photorefractive crystals, light-induced free carriers excited
in an illuminated region ot the crystal migrate to the dark regions.,
where theyv are trapped. The resulting space charge generates an
electric tield E.. which gives nise to a refractuve index change
An through the hnear electro-optic etfect:

!
An = onrk . (S

where r, 18 the electro-optic coetticient. The space-charge mld
E, generated by charge displacement and retrapping s given h\

U U
E,. = — | pdv = — | Judoy | 6y
€€, €€, -

where p 1s the charge density and e s the dielectrnic constant.
The current density J 15 a tunction of both the distance x and
time t. In general. Jix) v quite complex and 15 @ function of the
light intensity I(x .

X dn
Jixy = atlE, + E. 0+~ Kalixy + cl)J—
Ay

daT dn
- du — 7
& B o

~ P
The first term 1s the local conduction n a field. which is the
sum of the space-charge and possible external components. and
the second term is the volume photovoltaic effect. The third
term is due 10 free-carrier diffusion (D) driven by the concen-

e —————————
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*» VALANCE STATE
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* ELECTRO QPTIC COEFFICIENT
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o DIELECTRIC AELAXATION
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o SENSITVITY (10 3cm2
© SPEED . T ms:
* DIFFRACTION EFFICIENCY

Fig. 11. Factors determining the photorefractive sensitivity and speed
in ferroelectric crystals.

tration gradient (drvdx)y. while the fourth and fifth terms are
transient phenomena due to pyroelectric (p) and excited-state
polarization. respectively. In view of the complexity of the phe-
nomena contributing to J(x), it is difficult to predict E, values
in a new crystal. Since the electro-optic coefficient in a given
crystal is more or less independent of minor substitutions. the
improvement in photorefractive sensitivity. efficiency. and speed
within a single composition has to come from the magnitude
and speed of the buildup of the electric field E,. For this reason.
researchers in several laboratories around the world are concen-
trating on finding suitable efectrically active dopants for those
materials having large electro-optic coetticients

No single material combines all of the desired photoretractive
features: hence. a large number of ferroelectric crystal compo-
sinons have heen grown and characterized to determine possible
trade-offs between sensitivity and speed. The nonterroelectric
Bi2Si0-0 crystal has the destred response time ¢~ 1 ms). but its
photorefractive sensitivity fchange in refractive index per ab-
sorbed energy density. Ret. S1)is moderate becaus~ r,, is low.
On the other hand. all ferroelectric crystals have cexceedingly
high sensitivity but moderate response speeds. To use these
ferroelectric crvstals for device applications. their response times
must be reduced to the order of 1 ms or better: this 1n a key
issue in ferroelectric crystal development. Figure 1 shows the
genenc topics that need to be addressed to determire the trade-
oft between sensttivity and speed in a terroelectric crystal, such
ds SBN:60O.

Since the electro-optic coefficient is largely unaffected by
most impurities. space charge can be controlled by adding spe-
cific impurity levels to the crystal. It 15 now well established
that doping crystals with impurities readily photoionized by in-
cident optical radiation greatly increases the suscepubllm of the
crystals to mdex changes. Megumi et al.™ reported that the
addition of Ce'* produces a broad absurption in SBN:60 crys-
tals. thereby increasing the sensitivity considerably. Undoped
SNB:60 is transparent in the visible range. with its fundamental
absorption edge at about 0.37 um: the addition of Ce develops
a distinct but broad absorption edge around 0.50 wm that ditfers
markedly from the intrinsic absorption edge. Ce photoionizes
via the reaction

Ce'” + hvssCe' + ¢ wonduction) |

and from work on SBN:60."" it appears that both the Ce'
Ce** valence states are present. The photorefractive sensm\ny
improves from 10~ “10 10 "' ¢cm™.J with Ce doping. This is two
orders of mag‘nnude hngher than for LINbO: doped with Fe' ™,
U®". and Rh
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TABLE Vii. Influence of dopants on spectral response.

CRYSTALLOGRAPHIC SITES

SPECTRAL

DOPANTS VALANCE STATES COLOR 15.FOLD  12.FOLD  9-FOLD 6-FOLD RESPONSE
CERIUM (Ce} Ce31Ce%" PINK Ce3* Ce3~ Ced™> 0.45 T0 0.50 .m
IRON (Fe) Fol* Fe3" YELLOW - - Fel”/Fed™ 06270067 um
IRON (Fe!* Fel~ Fed- GREEN - - Fel”iFe3” 0.68 um
Co + Fe Ce3™ . Fa3~ PALE PINK Ce3* Ce3d” - Co3"iFe3~ 0.45 TO 0.65 um
MANGANESE (Mn) Mn2*/mn3* ~ - - Mn2*Mn3~ -
Co+M** Ce3™ GREENISH-YELLOW M ce3d” - 0.62 700 75 .m

*HEAVY CONCENTRATION OF Fe

**BIGGER CONCENTRATIONS IN 15- AND 12-FOLD COORDINATED SITES

TABLE VHI. Goals for photorefractive studies and current status of Ce-doped tungsten bronze crystals

Observed Properties®

fies red Properties

Ce-Depes SEN:ET

Ce-Dopea SBN:7E Ce-Doped BSKNN

3 = F) =

1 Serstrivct, - 107R1 T erfd - 10T el

$ Lavge lt.rtoeg loeffrven o

3 ilarge Stre @tz ruhcat Quaties > .8 em e,

4" Llarge tlecirc-Urtic {oeffrcient ray = 420 . 0 =

. 2- ang S-mave Maain: > S mg at
Fespcrse "rme . lomg € oom

€. fase Se'f-fympes Fesporse Time  oo---

i Fast Bea~ Far~irg Fesporee Tire  (L0C 5 at ¢

i)

2.0

Srectra” Fescomse (C.4 t¢ .65 tc 1.0

S 10T emt s N TR L
TN v =1

il 2 4v CF
- 2.0 ¢m oate. -~ 1.8 ¢ ¢te.

-12 - P
O I S (LI SN PR Wi AR R
33

> 120 ms at > 107 mo ac

€ wicr: € wWricr:

1.6 5 at 2 wWiert E.E 5 at ot

L25 s at 2 w/ert C.E s &t 2 Wrnrs

(=}

.48 t» 1.C .~ C.42 t¢c 1.0 r

*Protorefractive properties ma, improve fusthes wits opt:mizec Ce concentrat.or

References 36 58 64

Recently . Neurgaonkar ct al ™ successtully demonstrated the
growth of Ce- and Fe-doped SBN:60 single cryvstals as part ot
an effort to study the role of these 10ns 1n photorefractive device
applicanons  This work was extended to BSKNN. and approx-
imately 1102 cm diameter Ce- and Fe-doped SBN:60 and BSKNN-
2 crystals have now been grown using the Czochralski technique.
The doping of SBN:60 and BSKNN-2 with Fe and with Fe and
Ce together has not been done previousls. Fe 1s expected to
produce interesting results. as 1t hay done in other ferroelectric
crystals. e.g.. LiNbO: and KNbO ™ . however, Fe-doped
bronze cryvstals are highly striated under d” growth conditions.
with the stnations very difficult to suppress.

On the other hand. Ce-doped bronze crystals. e g.. SBN:60.
SBN:75. and BSKNN-2, show minimal or no striations and are
of opncal quality. In the tungsten bronze structure. Ce'™ and
Ce*” are expected to occupy the 12- and 9-fold coordinated
sites. while Fe*~ and Fe'~ are expected to occupy the 6-fold
coordinated sites. Our results suggest that the existence of stria-
tions in these crystals depends strongly on the Jype of dopant
and s .ocanon in the structure. Since Mn” " /Mn’~ . Cr* " /Cr*
Co™"Co* . Ti' " Ti*" . etc.. have ionic sizes and site prefer-
ences similar to Fe' ™ . it would be interesting to also check their
influence on striations. The spectral responses for a few transition
metal ton dopants have been evaluated from ceramics and so-
lidified melts and are summarized in Table VII.
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The development of stnation-tree Ce-doped SBN:60. SBN:75,
and BSKNN-2 cryvstals makes possible the evaluation of photo-
refractive properties. specifically sensitivity. speed. and cou-
pling coefticient Typical 6 % 6 x 6 mm cubes were used In two-
and four-wave mixing expenments for these studies. More re-
cently, larger SBN:60 and SBN:75 cubes up to 20 x 20 x 20 mm
were produced for this work. as shown in Fig. 12. Measurements
of the photorefractive properties of these bronze crystals have
been made at the Califorma Institute of Technology. Rockwell
International. and the U.S. Armmy Night Vision and Electro-
Optics Laboratory (NVEOL) and are continuing as still better-
quality crystals with various doping concentrations become
available. Table VIII summanzes the goals set and the results
obtained to date for these crystals.

In agreement with Megumi et al., ? the results for the present
crystals show the typical broad Ce absorption band. as shown
in Fig. 13. An interesting feature is that the spectral response
can be extended from the visible to the IR region by changing
the site preference of the Ce ion. For example. when cenium is
placed in the 15- and 12-fold coordinated sites. the optical ab-
sorption is observed in the visible. whereas the absorption ex-
tends to the near-IR region when Ce 1s located in the 9-fold
coordinated site. This site flexibility is a unique advantage for
tungsten bronze crystals. including BSKNN. whose spectral be-
havior is similar to that shown for SBN.
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Fig. 12. Large size (12 x 12 x 12 and 20 x 20 x 20 mm), Ce-doped SBN:60
cubes.
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Fig. 13. Absorption spectra for undoped and Ce-doped SBN
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Fig. 14. Dependence of the two-wave mixing gain coefficient | on
grating spacing \, or full external crossing angle 26 in undoped and
cerium-doped SBN at A = 514.5 nm. The photorefractive grating was
aligned slong - 100 -, and the optical beams were polarized extraor-
dinary. The solid curves are best fits to the data using simpie photo-
refractive theory {Ref. 58).

The photorefractive coupling ethciencies for Ce-doped and
undoped SBN crystals are shown in Fig 14, We found that
Ce doping increases the photorefractive coupling coefficient
by a factor of 2 to 3 at large crossing angles. while at the same
time the photorefractive grating formation rate per umit inten-

TABLE IX. Beam fanning response time.

Response Time (sec)

Material Wavelength Point of
0.2 H/cm2 2 /c'n2 (nm) Measurement
Ce-SBN:75 7.2 0.6 aa2 90%
Ce-SBN:75 2.0 0.2¢ 462 !
Ce-SBN:60 0.6 0.05 282 e}
BaT10, 4.8 0.6 ase 30%
Ce-BSKNN-2 5.8 9.6 1579 e}

TABLE X. Response time of self-pumped photorefractive materiais.

Response Time (;ec‘

Matertal 2 2 Wavelength Point cf
0.2 W/cm 2 W/cm {nm) Meagyrement
Ce-SBN:7S 32 8.3 aaz 50%
Ce-SBN:7S 7.7 1.€ aaz et
BaTi0, 25 2.5 514.5 0%
Ce-BSKNN-2 21.9 8.8 7.9 el

sity 1s larger by a factor of 4 to 6 compared to undoped
material. ™ "®! Although Ce doping is being evaluated to obtain
optimum photorefractive properties. the grating formation rate
in the visible spectrum for SBN:60 crystals is the largest among
the bronze crystals studied so tar (=50 to 100 ms at 6 W'em*~).
As in the case of perovskite BaTiOs. the response time 1s much
slower in the IR region: however. the results of our work on the
bronzes indicate that there 1s room for improvement in the IR
response time (currently 5 to 10 s at 0.9 wm) through the op-
timization of the shallow trap concentration and the crystal-
fographic lecation of dopants 1n the bronze structure.

SBN:75 crystals are similar to SBN:60 in their electro-optic
character. but with a much higher transverse electro-optic coef-
hetent (riy = 1400 < 107 " m V). On the other hand. BSKNN-
2 has a strong longitudinal electro-optic coetfticient (rs;, =
0010 " m V), and its general teatures such as fanning,
coupling coefficient. and self-pumped phase-conjugate behavior
are similar to those observed tor perovskite BaTiO:. Although
the photorefractive properties of SBN-75 and BSKNN-2 appear
to be promising. further improvements are needed to decrease
their response time. Tables IX and X summarize the beam fan-
ning and self-pumped phase-conjugate response times for these
bronzes and for BaTiO: as determined by Sharp et al.**~* Based
on their investigations. it appears that the Ce-doped tungsten
bronze crystals studied are comparable to BaTiOx. More ex-
perimental data on these crystals are being obtained at the U.S.
Army NVEOL and will be published elsewhere.

Improvements in photorefractive charactenstics need to be
related to the possible roles of dopant impurities. In the ideal
picture. one needs both a donor of electrons and an acceptor to
enhance the space-charge field E,. These might be Ce”~ and
Ce*”. Fe'" and Fe'~. Ce'" and Fe'”. or combinations of
these with Nb* ~ and various vacancies in the SBN:60 structure.
The current results clearly indicate that the additions of Ce and
Fe enhance photorefractive properties: however, the distribution
of the various charge states. such as Ce'*‘Ce®” . has not yet
been established. Because Ce' " (or Fe' ) is stable at growth
temperatures. several possibilities exist for the species forming
charge traps; these are shown in Table XI.

In the present case of tungsten bronze crystals. the tendency
of Nb*" to reduce to Nb** provides the possibility of donor

OPTICAL ENGINEERING - May 1987 “ Vo! 26 No 5 * 401
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TABLE XI. Valence states of dopants in bronze crystals.

(rystallographic Sites Stable*
Dopant 15- 12- 9- €- Bonor Acceptor States
Ce -oed e ced ce?* ted*
Ce ane Ao - Ced* cedr wd* ced*, wpd* et ce3r, ne5*
e - e - e Caticn vac Ce3*
fe - - - Fez‘, Fed* fel* Fe3* Fed*
Fe, Nb - I LA T Fed* Fed*, np5*
Fe - - R Cation vac fe* Fe3*
Ce, Fe N A X e Fel* ce3*, red
*valence state at growth temperature, vac - vacancy
. . T T T T T T
states. Since the preferred state of Ce at growth temperatures is r por . (BaLNbZ06
. . . x
Ce' ™. a donor. some questions remain concerning the identity 600 ' -
of the acceptor in Ce-doped crystals. The observed tendency of / ,
oS- : : - f
Nb" " 1o reduce duning growth may encourage the tormation of . . . J
. . PIC PHASE BOUNDARY '
vacancies that could act as either donors or acceptors. Currently. R sy MORPHOTROPIC P i ‘
we are using optical and Mos<bauer spectroscopy 1n an attempt s . 2 c IR
. . - . - = M " [d .
to positively identufy the donor and acceptor species in these £ | ToE
. ) !
crystals & - 5
’ g i TUNGSTEN BRON2E TUNGSTEN BRONZE T
- RTHORHOMBIC TETRAGOMNA. e
v - v . - - - o pers (&)
7. FUTURE TUNGSTEN BRONZE MATERIALS 200 — MMm2 . g T
v Ps s
- + + g
Anaother alternative approach to the development of improved e ] £
photorefractive materials 1n the use of morphotropic phasc (\ PN i T
boundary (MPB) crvstals that have very large electro-optic et- ol ) . | ; : ‘ g |
fects. The electro-opuc properties for crystal compositions close © 1o 26 30 e SC & IC B
to MPB regions can be at least S 1o 10 times better than the PENDOg MOLE % 85 BaNb20g
current best materials and offer a unique opportumity to develop Fig. 15. Curie temperature versus composition for the

superior photorefractive matenals

Figure 15 shows a tvpical ferroelectnic tungsten bronze sys-
tem. Pb; - (BaNb2O¢. in which the MPB region 1s located at »
= 0.37.° In this region. the electro-optic. dielectric. pyro-
electric. and piezoelectric properties are exceptionally large and
are largely temperature independent. Several of the more usetul
tungsten bronze and perovskite systems show MPBs near which
the polanization is large. giving large electro-optic and dielectnic
properties. As shown in Fig. 15, on a binary phase diagramy an
MPB appears as a nearly vertical hine separating two ferroelectric
phases: i.e.. the boundary occurs at a nearly constant compo-
sition over a wide temperature range up to the Curie temperature
Poled crystals near such boundaries show unique and enhanced
electro-optic properties because of the proximity in free energy
of an alternative ferroelectric structure. A detailed description
of MPB behavior has been provided by Jaffe et al.*

For the Pb, . (ba,Nb;O¢ svstem. the coexisting phases at the
MPB are tetragonal and orthorhombic. In the tetragonal (dmm)
symmetry for ferroelectnic bronzes, the electro-optic coefficients
r,, of single domains are given from the phenomenological model
of Cross et al * " in terms of the g, quadratic coefficients of
the paraelectric prototype by relations of the form

1 = 2gPene, |
faa = :’.gx\pl(u(H . (X)
fg: = ¢ = 2gupiflq((v

The last relation is of special interest in that for a composition

402 / OPTICAL ENGINEERING 7 May 1987 / Vol 26 No 5

Pb, ,Ba.Nb,0O¢ system (Ref. 65).

close to the MPB but a long way from the ferroeleciric Curie
temperature. both P: and €, can be veny large and nearly tem-
perature independent.

For orthorhombic compasitions close to the MPB. the equiv-
alent relations are. with respect to the prototvpic tetragonal axes,

o= o= 2gnPene .
=1y = 22 Pepe. .
fy = ri = Zgzlp(éueu . 9)

fav = Ts1 = gupy€ui.. .

fer = Te2 = {!upltnﬁn .

Now it is Py and €xx that will be large. so large and nearly
temperature invariant values of rx; and r4z are to be expected.

In the Pb;-,Ba,Nb:O, system. Shrout et al.”®”' demon-
strated that it is possible to grow small crystals with compositions
close to the MPB. For compositions on both sides of the bound-
ary. the g, quadratic coefficients are largely temperature inde-
pendent, as expected. and are bigger than those for SBN. With
increasing Pb content. the piezoelectric coefficients d)s and dja.
shown in Fig. 16, escalate dramatically as the composition ap-
proaches the MPB. with values larger than those found for BaTiO;.
We have also identified other MPB systems within the tungsten
bronze family. e.g., Ba2NaNbsQ;<-Sra2NaNbsO;s. Pb;KNb<O; s-
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TABLE XII. Ferroelectric properties at MPB for tungsten bronze systems.

X

a

System Me

(1-x) PONb,Og - (x)BaNb,0g 0.
+ a3t 2%
+ 12 (6%

(1-x) PDZ.SNbSOIS - (x)SeraNDSOIS c.

(1-x} PbyKNdgOys - (x)BagNaNbgOys 0.
(1-x) B‘z"“"bsoxs - (x)SeraNDSOIS 0.

[1-x) PbKNbghys - (x)SrpNahbgOjg  O.

t
8

3°

75

T Dielectric Electro-Optic
c Constant Coefficient

Q) at R. T, 2 1070wV

300 1900 > 1600*

230 1700 420+

115 3500 780+

138 2200 Large

255 1340 Large

170 > 50N Low

155 920 Medium

* Single crystal samples
+* Ceramic samples
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Fig. 16. Piezoelectric d33 and d,s coefficients as a function of com-
position in the Pb. .Ba,Nb;Os system {Ref. 68).

Sr:NaNb<Q<. and Pb:K.\'h<()1<—Bu;.\'uf\'h<()1<.4“‘ summiarized
in Table XII. The mgjor advantages ot MPB matenls tor photo-
refractive appheations are

11}y The separation trom the phase boundary 1s a tunction of
composition, not temperature: t.¢.. the boundary 1v morpho-
tropic. so very high values of the dielectric and electro-optic
constants can persist over a wide temperature range.

21 For compositions close to the boundary . rs; and ry: values
larger than those for BaTiO are possible.
1) Since the prototype symmetry 1s 4 mmm. only one unique

d-fold axis exists. and 90° twins are not possible: hence.
cracking 18 not as severe a problem as reported for
BaTiOy. !

(4) Very large transverse drift fields could be achieved.

We are devoting a considerable effort to the development of
MPB crystals in the expectation that they can provide a real
breakthrough for device applications based on the photo-
refractive effect. These crystals should also be beneficial for
other applications such as electro-optic switches and modulators.
transverse pyroelectric focal plane arrays. SAW devices. and
piezoelectnic transducers. The potential benefit in these appli-
cations justifies the further development of these materials. al-

though they may prove quite ditficult to grow in appropriate size
and quality.

8. CONCLUSION

The prospects are bright tor turther development of SBN and
BSKNN solid-solution crystals to larger sizes. and efforts in that
direction are progressing. By selecting the proper dopant con-
centration and its site preference in the tungsten bronze structure.
1t 1s possible to control not only the photorefractive time of
response but also the spectral response in both the visible and
IR regions. Such opportunities are rarely seen in other ferro-
electric matenals. Applications to optical computing. image pro-
cessing, and phase conjugation will follow the development of
sull larger crystals.

Better photorefractive etfects may be achievable in morpho-
tropic phase boundary maternals 1t suitable growth techniques
become available. The current problems associated with the growth
of MPB PBN:60 may be overcome by developing thin tilms of
reasonable size and quality . Recently. we demonstrated the growth
of ferroelectric PBN:60 tilms on SBN:60) substrates of varnious
onientations with good success. Although considerable further
development is required. the current success of achieving crys-
talline films of this morphotropic composition suggest that de-
vices based on MPB thin films may soon emerge. Substrates are
key to obtaining single-crystal hlms of the desired onentation
with good ferroelectric properties. Currently. ferroelectric thin-
film growth is being pursued in Japan and the USSR on nonterro-
electric substrates such as sapphire. glass. and MgQO. On such
substrates, however. crystallinity and good terroelectric prop-
erties are often difticult to obtain. The use of ferroelectnic
paraelectric single-crystal substrates from the same crystal tamuly
should help to minimize many film growth problems. for this
reason, we are now actively engaged in developing MPB films
for optical applications using SBN and BSKNN substrate ma-
terials.
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The undoped and Ce-doped ferroelectnic tungsien bronze crvstals. specificaliv Ba, (Sr. <K «Na;:«Nb O, (BSKNN:1) and
Ba (81, (K «Nag«Nb.O; (BSKNN-2). have been grown in optical quality using the Czochralski techruque Although both of these
crystals are tetragonal with point group 4mm. their growth habit along the [001] direction differs: BSKNN-1 crystals grow in a square
shape wath four well-defined facets. while BSKNN-2 cryvstals have an octahedral growth habit with eight weli-defined facets The
longitudinal dielectnic (¢;,) and linear electro-opuic (#,,) constants show strong enhancement when expanding from BSKNN-1 and
BSKNN-2 crystals. indicaung that the latter could be of major interest for electro-optic. photorefractine and pyroelectne

applcauon.

1. Intreduction

Tungsten bronze crvstals exhibit excellent elec-
tro-optic {1.2]. photorefractive {4-7]. and pvroele.-
tric [8.9] properties, and these attractive features
make them potential important for applications in
optoelectronics. Bronze solid-solution crystals such
as Sr,_,Ba,Nb,O, (SBN). either doped or un-
doped. have proven to be excellent materials for
various applications such as guided-wave optics
{10]. photorefractive [3-7] and millimeter-wave
{11-14] device studies. These crystals are also
being used in pyroelectric detector studies because
of their large pyroelectric coefficients.

Tetragonal (4mm) SBN solid-solution crystals
exhibit excellent transverse ferroelectric and opti-
cal properties in contrast to perovskite BaTiO,
crystals, which show strong longitudinal ferroelec-
tric and optical properties. Currently, both SBN
and BaTiO, are leading candidates for various
applications; however, the use of BaTiO, is limited
due to extreme difficulty in growing large size.

optical-quality doped crystals. For this reason. we
have investigated the Ba,_, Sr, K,_,Na Nb,O,.
(BSKNN) solid-solution system which resembles
BaTiO, in many respects, particularly in its ferro-
electric properties [15.16]). The present paper re-
ports on the growth and charactenzation of
Ba, (SryKg4sNay:cNb,O,. (BSKNN-1) and
Ba,.Sr, (Ko NayNb,O,, (BSKNN-2) crystals
for optical and pyroelectric applications

2. Experimental

The undoped and doped BSKNN solid-solu-
tion system was studied using reagent grade chem-
icals, specifically BaCO,, SrCO,, K,CO,, NaCO,,
CeO, and Nb,O;. The appropnately weighed
materials were thoroughly mixed and calcined at
900°C and then sintered at 1350°C. The struc-
ture identification and solid solubility range for
each phase were checked using X-ray diffraction
measurements. The compositions BSKNN-1 and

0022-0248 /87 /$03.50 € Elsevier Science Publishers B.V.

{North-Holland Physics Publishing Division)
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BSKNN-2 were then studied in more detail using
DTA techniques to ascertain melting temperatures
and supercooling behavior.

For single crystal growth experiments. high-
purity starting materials (Johnson Matthey, Lid.)
were used. To maintain a high degree of homo-
geneity in the crystals, the starting materials were
thoroughly ball-milled before they were melted in
a plaunum crucible (chemical analysis did not
show the presence of Al,O, due to alumina ball
milling). The crucible was 2 in. in both diameter
and height, and was supported in a fibrous alumina
insulating jacket (table 1). The furnace used was
RF induction heated to 370 kHz. All of the crystals
were cooled through their paraelectric/ferroelec-
tric phase transition (170-210°C) in an after-
heater furnace.

A variety of techniques were used to evaluate
the ferroelectric, pyroelectric and electro-optic
properties of these crystals. Crystals belonging 1o
the tetragonal point group 4mm have three piezo-
electric and electro-optical coefficients and two
dielectric constant, thus requiring various sampics
of differing onentation. Bar and plate-shaped
specimens. as shown in fig. 1, oriented along (001)
and (100) were cut with a diamond saw from the
crystal boule with the onentation determined by
Laue X-ray back reflection. Samples were then
lapped and polished to achieve optical quality.

Prior to most measurements. the crystals were
poled by the field-cooling method (7, to room
temperature in O;) under a DC field of 8-10
kV /cm along the polar (001) axis using either Au
or Pt electrodes. Unlike BaTiO,. no special pre-
cautions are required 1o pole these tungsten bronze
crystals. The completeness of poling was checked

3
AN
AN
\
\
N
001 BAR
45° BAR
N 2
\\ o PLATE
100 BAR %

110 BAR \

Fig. 1. Bar- and plate-shape BSKNN single crystal specimens

by measuring the dielectric constant before and
after poling.

3. Results and discussion

The BSKNN-1 and BSKNN-2 compositions
exist on a SrNb,O,-BaNb,0,-KNbO,-NaNbO,
quaternary system. as shown in fig. 2 Composi-
tions exhibiting the tungsten bronze structure in
this system can possess either tetragonal (4mm) or
orthorhombic (mm2) structures, the latter occur-
ing basically for Na“-containing compositions
such as Sr,NaNb,O,.. Ba,NaNb.O,. and
(Sr.Ba),NaNb,O,.. For this reason. the relative
magnitudes of the transverse (ry,) and longitudi-
nal (r;,) electro-optic coefficients in these crystals

Table 1
Growth conditions for the BSKNN solid-solution crysials
Composition Growth Pulling Color Size Growth Latuce

temperature ( °C) rate (mm /h) (cm) habit constant (A)
BSKNN-1 1480 8-10 Coloriess 0.5-10 Square a=12.506, c= 3982
BSKNN-1:Ce 1480 6-10 Pink 05-10 Square a=12506, c= 3982
BSK.NN-2 1490 6- 8 Colorless 08-1.2 Octanedron a=12449, c=3938
BSKNN-2:Ce 1490 6- 8 Pink 0.8-1.2 Octahedron a=12.449, c = 3938

All crystals were grown 1o oxygen along the (001) direction. Loss of K due to volatilizauon was someumes a problem in BSKNN-1

crystals
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B8aNby0¢
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Fig 2 The phase relation 1n the SINb.Og-BaNb,O -KNb-
0,-NaNbQ, quaternary svstem

are strong functions of both the Ba:Srand K:Na
ratios. Since these coefficients are adjustable, our
work has concentrated on the binary join between
BSKNN-1 and BSNN-4. as shown in fig. 2. The
end-member composition BSNN-4 s ortho-
rhombic at room temperature and is a part of the
Sr.NaNb,O,.-Ba,NaNb.O . system [17]. The
latter system was recently studied by Oliver et al.
{17) and exhibits an apparent morphotropic phase
boundary at the composition Sr, ;Ba,NaNb,O,..

Both BSKNN-1 and BSKNN-2 are considered
1o be filled bronze structures because the 15- and
12-fold coordinated sites are completely occupied.
The tetragonal tungsten bronze compositions can
be rsepresented by the chemical formulae
(A1)e(A;1),CB0y and (A;)i(A;),B,00;.
where A, A,, C and B are 15-, 12-, 9- and 6-fold
coordinated sites. respectively. The BSKNN com-
positions are based on the (A,),(A;),B,,0, for-
mulation and in this arrangement both the A, and
A, sites are completely occupied by Ba?*, Sr?*,
K* and Na*. In contrast, other important bronze
compositions based on the Sr, _,Ba, Nb,O, solid-
solution system have partially empty 15- and 12-
fold coordinated sites with a vacancy of up 10
20%.

3.1. Growth of BSKNN Crystals

Both BSKNN-1 and BSKNN-2 crvstal were
grown using an automatic diameter-controlled
Czochralski growth technique used for other
tungsten bronze crystals, e.g.. SBN :60. SBN : 75,
SKN and KLN [3,18-20]. The growth of these
BSKNN crystals was successful; however, growing
BSKNN-1 was found to be more difficult than for
BSKNN-2. Since these crystal compositions con-
tain six components, it is very difficult to establish
precisely the true congruent melting composition.
However, apparent BSKNN-2 is closer to the true
congruent meliing composition than BSKNN-1.

The growth conditions for these crystals are
given in table 1. Initially, bronze SBN : 60 crystals
were used as seed material. but as small BSKNN
crystals became available, these were used in sub-
sequent crystal growths. Because these compo-
nents are multicomponent and have several crys-
tallographic sites available for Ba®~, Sr’*, K~ and
Na~, the following problems were encountered:
(1) Exchange of crystallographic sites. spectfically
of the 15- and 12-fold coordinated ions such as
Ba?*, Sr?* K* and Na~, can cause severe optical
striations and cracking problems.

(2) Crystals cracked when cycled through the
paraelectric /ferroeleciric phase transitions. Ths
was less severe for BSKNN-2.

(3) High solid-solution melting temperatures were
in excess of 1480°C. hence. volatilization of K~
and oxidation-reduction (Nb'~ & Nb*") prob-
lems were observed.

These growth problems have also been reported
[3.18] for other solid-solution tungsten bronzc
crystals such as SBN:60, SBN: 75, SKN, KLN
and PBN, and were sufficiently minimized in
BSKNN crystal growths to obtain optical quabty
crystals as large as 1 to 1.2 cm square. Fig. 3
shows typical BSKNN-1 and BSKNN-2 crystal
boules grown along the (001) direction. The crystal
growth of these compositions along other direc-
tions such as (100) and (110) was also attempted,
but was found to be very difficult because of poor
control over the neck-out from the crystal seed.

The use of an automatic diameter control sys-
tem in these growths helped to maintain the neces-
sary growth temperature stability. We have found
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BSKNN-1

BSKNN-2

Fig 3 Typical BSKNN-1 and BSKNN-2 crvsials grown along the (001) direction. Marker represents 1 cm

in thrs work. as well as 1n our work on SBN : 60
and SBN:75 that crvstal quality also depends
strongly on the following factors:

(1) Impurities in the starung materials: Ca*~,
Fe'~, Mg®". etc. The presence of Fe'~ seems 10
be a major cause of optical stnations in these
crystals.

(2) Rotation and pulling rates: Faster pulling rates
are needed at lower rotation rates to control tem-
perature stability since crystal thermal conductiv-
1ty 1s low.

(3) Cooling rate vaniations: the Ba:Sr and K:Na
distribution on the 15- and 12-fold coordinated
sites change for different cooling rates, causing
strain. as well as striations, in the crystals.

As reported for Ce-doped SBN : 60 crystals [3].
the addition of 0.05 wt% Ce in both BSKNN
compositions did not change the growth condi-
tions or degrade the optical quality. However. the
addition of Fe'* in the 6-fold coordinated site
causes severe striation problems in tungsten bronze
BSKNN-1, BSKNN-2 and SBN : 60. For photore-

fractive applications. one needs Ce in two valence
states. Ce'~ and Ce*~. Since photoref-acuve prop-
erties are enhanced significantly for Ce-doped
BSKNN-2 crystals. we believe that Ce exists in
both states. However, further work 1s necessan to
establish the actual valence state distnibution.

As shown in fig. 4. both BSKNN-1 and
BSKNN-2 crystal boules exhibit natural facets:
however. BSKNN-1 grows in a square shape with
four well-defined faces, while BSKNN-2 cryvstals
have an octahedral shape with eight well-defined
facets or faces. The wider facets in both crystals
are (100), thus facilitating the process of onenting
the crystal axes. SBN solid-solution crystals are
also faceted. but they ae cylindrical in shape with
24 well-defined facets [3.21}. We have found that
the differences observed in crystal shape with
composition also reflect insignificant differences
in the respective ferroelectric and optical proper-
ties. Fig. 4 shows the idealized forms of bronze
crystals.
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3.2. Ferroeleciric and opuical properiies

The temperature-dependent dielectnc proper-
ties of BSKNN cnvstals were measured from
—150° C to above 400 ° C using a Hewlett-Packard
capacitance bridge. The dielectric properties at 10
kHz for BSKNN-1 are shown in fig 5 for the a-
and c-axis (polar) crystallographic orientations
Like other tungsten bronze ferroelectrics. the polar
axis dielectric constant is characterized by a sharp
dielectric anomaly at the ferroelectric phase tran-
sition temperature. T, which occurs at 205-210°C
for BSKNN-1. Below T_, the c-axis dielectnc con-
stant decreases monotonically to approximatels
100 at room temperature, and to 55 at —150°C.
For crystals poled to a single ferroelectric domain,
the dielectnic dispersion has been found to be
minimal over the range 100 Hz to 100 kHz, except
near T.. Along the g-axis, only a slight dielectric
anomaly is observed at the Cune point, with a
value nearly two orders of magnitude smaller than
for the c-axis. Since the g-axis dielectric constant
remains relatively flat below T_. it is nearly four
times larger than the c-axis constant at room
temperature. Below room temperature, the g-axis
dielectric constant rises gradually to a value of 470
at —-150°C.

The low-frequency dielectric properues of
BSKNN-2. shown in fig. 6. are simuilar in overall
behavior to those for BSKNN-1. However.
BSKNN-2 has a lower Cune point (170-178°(C)
which contributes in part to this higher c-axis
dielectric constant of 170 (poled) at room temper-
ature. The a-axis dielectric constant for BSKNN.2
1s also considerably larger, with a value of 750 at
room temperature and rising to above 1000 ai
—150° C. These values are roughly a factor of two
or more greater than for g-axis tungsten bronze
SBN : 60 single crystals [22].

The dielectric constants for both BSKNN com-
positions exhibit Curie-Weiss behavior above T,
that is,

¢, =C/(T-86).

where 6 is the Curie temperature and C, the
Curie-Weiss constant. BSKNN-1 deviates some-
what from this relationship because of an unex-
plained “kink" near 270°C, evident in fig. 5. For
temperatures just above T, C, = 2.6 X 10°°C and
6, = 203-208°C for BSKNN-1, whereas for
BSKNN-2, C.;=32Xx10°°C and 6, =
168-175°C. In both cases, T, is 2-5°C higher
than 6, indicating a quasi-first-order ferroelectric
transition behaviour. Curiously, BSKNN-1 and
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BSKNN-2 also show stnct Cune-Weiss behavier
over a 300°C range belon T_. with Cune-Weiss
constants C. a factor of 7-8& smaller than the
respective high-temperature (paraelectric) values
This observation suggests that the Devonshure
polarization coefficients in the free-energyv expan-
sion for BSKNN mav be strongly temperature-de-
pendent. A more detailed examunation of the fer-
roelectric phenomenology for BSKNN crvstals will
be presented in a subsequent paper upon the
completion of additional measurements.

The polar axis pvroelectric coefficient. p. ob-
tained from the zero bias current density mea-
sured at a constant temperature rate, and the
spontancous polarization, P,. obtained by integra-
tion of p over temperature, are shown in fig. 7 for
a BSKNN-2 crystal with 7. =170°C. Although
BSKNN is a quasi-first-order phase transition fer-
roelectric. fluctuations in ionic site preference re-
sults in a moderate distribution of transition tem-
peratures in the crystal. Hence. the spontaneous
polarization P, has a nonzero value above the
mean Cune point. T, as seen in fig. 7. Below 7.
the polarization rises sharply and attains a value

of 34 yuC/cm" at room temperature. a value simi
lar to that of SBN : 60.

The room-temperature pyvroelectnic cecefficient
of BSKNN-2 15 0.036 uC /cm” K. nearls a factor
of three lower than for bronze SBN:60 (0.1C
uC/cm” K). However. the lower room-tempera-
ture polar-axis dielectnc constant of BSKNN.2
(170 versus 920 for SBN :60) results in a much
higher pyroelectnic figure-of-ment. p/e¢ (2.1 x
107* versus 1.1 x10°* for SBN:60): further-
more. this figure-of-ment is much less tempera-
ture-sensitive because of the higher transition tem-
perature for BSKNN.

A transverse modulation technique was used o
determine the optical half-wave voltage (V,) and
the value of nlr.=nlr, —nir; for BSKNN-2.
The crystal was placed between crossed polarizers
set at 45° to the c-axis and a modulation field
was applied along the c-axis. A Jow-frequency
(~ 400 Hz) AC modulation field was used to
avoid space-charge effects. All measurements were
made at room temperature (300 K). At 442 nm, V,
was found to be 220 V and nlr, =20x10"°
m/V. At 633 nm, ¥, was 425 V and nlr, was




- —— -

R R Neurgaonkar et al - Growth and ferroelectric properuies of tungsten bronze 63%

105 T T 3
F BSKNN-2
L 104
2 -
< o
73 +
z r
[=]
o £11
g E
g J\;
© -
-l o
w £33
e o2
102
< <
- 4
. -t
| | 1
10+ L
-20C o] 200 400
TEMPERATURE (°C:
Fig ¢ Temperature dependence of dielectnc constant for BSKNN-2 at 10 W Hz
104 f T  E—
OBSKNA 2 1 z 1.5%x 107* m V. Since r,, is generally small and
: - n. 1s about 2.3, ry, 1s therefore expected to be

Y

Voo

~
13
i i
< ‘ I E
&' . l
_ n -
o 1wty ! 2
R 3 -
o~ S i 2
E 4 ! b
s 3 ! { -
g 4 / ‘ "]
N F | Z
/
f // } l
107 7 1 B
// r i 3
- ! :
L’ \ !
| \ 1
b \
L \
108 1 i 1 Al 1
0 50 100 150 200 250

TEMPERATURE {°C)
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about (150-200) x 10" m /V for BSKNN-2. This
figure may be compared with the value computed
from the relation ry; = 28, Preg¢ ;.. where g is the
quadrauc electro-optic coefficient [23]. For g,. =
0.11 m*/C*, ry, is esumated to be 112 x 107
m/V. significandy smaller than the measured val-
ues. Simularly. r,, may be esumated from the
relation r,, = 2g,, P.ey€,,: using g, = 0.09 m*/C*
and ¢,, = 750, r,, is estimated to be 400 x 10”7 *
m/V.

Because of the large discrepancy between the
computed and measured values for ry, (which,
curiously, does not occur for SBN : 60). the actual
value for r, may be 300 X 10~ '? or greater in
BSKNN-2. The apparent variation of the quadratic
electro-optic g coefficients in BSKNN compared
to bronze SBN indicates that the g coefficients
may not be constant throughout the tungsten
bronze family, as previously assumed. Clearly, this
subject deserves renewed attention in experimen-
1al and theoretical work.

Table 2 summarizes the ferroelecinc and opti-
cal properties of tungsten bronze BSKNN-1 and
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Table 2
Ferroelectnc and opucal properues of BSKNN-1 and
BSKNN-2 crystals

Property BSKNN-1 BSKNN-2
Symumetry 4mm 4mm
T.(°C) 205-210 170~178
T.~6(°C) 2-5 3-5
Cune-Wass coefficient (°C) 26%10° 32x10*
Dhelectnc constant ¢, = 380 ¢, =750
€ =120 €, ~170
Prezoclectnic coefficient 4, =70 dio =200
(%107 %) dy = 60 dy =60
Electro-optic coefficien: rg 2 280 ro 2 300
(X107 m.A\, rae =110 ris =180
Pyroelectne coefficien: p =003 p =003
(aC/:m"K:
Spontaneous polarizatior. P =35 P =34
(uCem?)

BSKNN-2. In table 3. the opucal figures-of-ment
n'r,,/e and r,, ¢ are given for BSKNN. SBN and
BaTi0,. For phase conjugauon (self-pumped).
image processing and opucal computing apph-
cations, the relevant figure-of-ment can be calcu-
lated as n’s, /e. which is found to be two to three
times larger in the BSKNN system than for any
other matenal. This difference 1s due to the high
dielectric anusotropy found in the BSKNN svstem
which results. for example. in a high r., with a
simultaneously Jow ¢...

Table 3
Electro~opuc figure-of-ment for tungsten bronze crystals

Table 4

Companson between leading photorefracuve crystals

Tungsten bronze BSKNN

Perovskite BaTO,

Large longitudinal ), d,s.
¢,, available

Excellent host for photore-
fractive and electro-optic
applications

Large square and octahe-
dron crystals ( »1.15 cm)
with opucal quabty are
available

Absence of twinning
(4/mmm — 4mm)

Absorption  and response
controlied in the desired
spectral range using proper
crystallographic  site/sites
for a gven dopant

No 1tetragonal to ortho-
rhomuc transition observed
down to LN temperature

Open structure - structural
flexibility 10 alter crystal
decomposition

Large longitudinal r;. d,,.
¢,y available

Excellent host for photore-
fracive and electro-opuic
applications

Pure BaTiO, crysials and
difficult 1o grow

9C° twins are present
(m3m — amm-

Controlled  spectral  re-
sponse with dopant posy:
ble. but difficult

Tetragonal to orthorhombi.
transition occurs at 10° C

Closed-packed  structure
Limited compositional fiew-
bility

Recent photorefractive work by Rodnguez et
al. [24]) on BSKNN-2 crystals doped with Ce has
shown this material to have excellent self-pumped
phase-conjugated behavior. These crystals also ex-
hibit large photorefractive coupling coefficients

Crystal Drelectinc constant Electro-opuc coefficient (107 2 m/v)
¢y, G, T3y re, r, /¢ n’r,_,/c

Stg45Bag 3 Nb,O, (SBN .75 450 3000 1400 42 0.467 5.60
Sty Bag JNb,O, (SBN 1 60) 450 900 470 42 0.522 6.25
Sr,_,Ca,NaNb,O,, (SCNN; 1700 1700 > 800 - 0.470 $.65
Pbg o Bay (Nb,O, 1900 500 - > 1600 0.840 10.10
BSKNN-1 360 120 150 > 200 0.550 667
BSKNN-2 700 170 170 350 0.500 6.00
BSKNN.3 780 270 200 -~ 400 0.510 615
BaTiO, 4100 1500 80 1600 0.3% 40!
KNbO, 950 201 67 380 0.400 4.20
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and fast response umes [25). As summarized in
tabie 4, in many respects BSKNN-2 resembles
perovskite BaTiO, in its photorefractive proper-
ties, but with the advantages of high optical qual-
ity. absence of twinning. and rela.ive ease of pol-
ing to a single ferroelectric domain. As such. it can
be anticipated that with further development and
optimization of compositions in the BSKNN svs-
tem. and with further optimization of the dopant
concentration and ionic site preference in photo-
refractive crystals, this tungsten bronze ferroelec-
tnic mayv ulumate surpass BaTiO, and SBN : 60 in
many photorefracuve and electro-optic device ap-
plication
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ABSTRACT

The state-of-the-art in the Czochralski growth of various optical-quality
ferroelectric tungsten bronze single crystals is reviewed. This growth work, undertaken
with specific optoelectronic applications In view, has succeeded In providing large
crystals of bronze Sr;_,Ba Nb,O, (SBN), Baz_xerK.__yNabe5015 (BSKNN) and
Sry Ca,NaNbsO, s (SCNN) suitable for electro-optic, pyroelectric and photorefractive

applications.
INTRODUCTION

Tungsten bronze ferroelectrics are found to be very useful for surface acoustic
wave, electro-optic, pyroelectric, and millimeter wave applications, and more recently
for photorefractive applications.l.lj A considerable amount of work has been published
on the development of this family of materials; however, it did not formerly find wide
application due to lack of availability of crystals of adequate size and suitable quality.
Al Rockwell International, we have systematically studied and classified the major
growth problems, crystal habits and ferroelectric properties of various bronzes, tailoring
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compositions according to particular device applications.w'zo In this paper, we repo.t
our major findings on the growth of these crystals and discuss the mechanisms which give

rise to their unusual ferroelectric and optical properties.
BACKGROUND: FUNDAMENTAL PROPERTIES

The tungsten bronze compositions can be represented by the general formulae
(APDLA)C, B 104g and (A)4(A)5B 054, in which A, Ay, C and B are 15-, 12, 9-
and 6-fold coordinated sites in the crystal lattice structure. The tetragonal bronze

21,22

prototypic structure is shown in Fig. | in projection on the (001) plane. A wide

range of solid solutions can be obtained by substituting different Al’ AZ’ C and B
catmn>,23'26 and a number of different ferroelectric and ferroelastic phases have been
identified (more than 150 compounds and solid solutions). The ferroelectric phases can
be divided into two groups: those with tetragonal symmetry (4mm), which are ferroelec-

tric, and those with orthorhombic symmetry (imm?2), which are both ferroelectric and

ferroelastic.

The origin of ferroelectric properties in these materials is best understood in
terms of their high symmetry prototype phase, which in this case 1s 4mm. A Gibbs free
energy function can be derived for this phase which incorporates the effects of polariza-
tion and temperature. The excess Gibbs energy in the ferroelectric phase due to nonzero
polarization, P., along the three principal crystallographic axes may be written as a

Taylor series expansion in powers of the P, gwven by

_ 2 2 4 4 4
AG1 = cxl(P1 + P ) + (13P3 1(P1 + PZ) + a33P3 0
2, 52y o2 0252
tapg(Pp PR ) Py e PPy v il - P - Py - ESPy
2
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where the E; are the corresponding electric field components. Setting the first partial
derivatives of AG with respect to the polarization equal to zero gives the field

components:

_ 3
E1 = Zalpl + 4a11P1 + 2a12 1 2 + 2a13P1 3 vee

(2)
E, = 2a)P, + da) P + 2a),P2P, + 2a;5P,P5 4
2 12 112 12 1 2 1323
. 4 2 2
E3 = 2u3P3 + 4033P3 + 24113(P1 + PZ) P3 + ... .
Finally, the dielectric stuffnesses 3E,/3P = x; = (¢ u‘o)_
4 ] 2 2 2
xy] < Zu.l + 12u11P1 + 2a12p2 + 2“13P3 + ...
(3
~ 2 2 2
xop = 201 + l2a11P2 + 2“12P1 + 2&13P3 + e
_ 2 2 2
x33 7 2(13 + 12u3\- 3 + 2013(P1 + P2) + ...

"

[n the paraelectric phase (P = P5 = P3 = 0), the stiffnesses follow a Curie-Weiss law with

= 2u1 = (T~ol)/C1 (4)

= 2a4 = (T-o3)/C3

X117 X2
X33

£ 03 2y, the material will go into the tetragonal (4mm) state (Pg ¢ 0)below the

terroelectrie transition temperature, T Hence, since Py increases at much less than a

c'

3
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linear rate below T, €33 :(so ,(33)"l will decrease with decreasing temperature,
whereas €1l will increase below TC. Conversely, if 9) >0y, the material will go into an
orthorhombic (mm?2) state (Pi = Pg + 0) in the ferroelectric phase. In this case, ¢,

will decrease with decreasing temperature, whereas e 43 will increase.
The consequences of the two types of ferroelectric states on the electro-optic
behavior may be found in the phenomenological expressions for the linear electro-optic

coefficients, r ;. For tetragonal (4mm) bronzes, these are given by

)"
r3) = 2831P3e5033

r33 = 2833P 34033 (5)

T2 7 Tsp 7 BusP3eariy

where the g's are the quadratic electro-optic coefficients of the paraelectric phase;
generally gqq Is much greater than either gy3 or gg,. As a consequence, room
temperature values for ryy are usually large for tetragonal ferroelectric bronzes (e.g.,
SBN:60), although ., can also become large as a consequence of the increasing e,
below T ..

For orthorhombic (mm2) bronzes, the corresponding linear electro-optic

coefficients are

N
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ry = 2811 P3eqe )

o) = 2821Peqe )

f,3= 537 ByuP o33

Tel = T62 = ByuuPpeqey -

Hence, ry can be large for orthorhombic bronzes, but the increasing €33 below TC can

aiso make ray and 0,3 large.

SELECTED TUNGSTEN BRONZE SYSTEMS

Table | lists key properties of the more important tungsten bronzes grown to
date. We have selected four different types for growth studies, namely, Srl—xBabe206’
BaZ_XSFXKl_),Na),Nb5Olj, Srz_\Ca\Ndijolj and Pbl _xBabezoé, because 0{ lheir

distinctly different ferroelectric and optical characteristics. These are:

i, SBN  System: Exhibits  strong transverse optical effects

largely independent of the Ba:Sr ratios

5
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' 2. BSKNN System: *Exhibits strong longitudinal optical effects for

K-rich BSKNN crystals.

. *Exhibits large longitudinal and transverse effects

large for Na*-rich BSKNN crystals.

3. SCNN  Systemn: *Exhibits  longitudinal and transverse optical
. effects which are large and nearly equal for

Mmost compositions.

‘. PBN Systen: *Exhibits strong transverse effects for x < 0.37

MPB at x = 0.37 (mm?2).

*Exhibits strong longitudinal effects for x = 0.37

(Gmm).

, A brief description of each of these bronze crystals is given below,

{ SBN Svstem

The solid solution system Sr|_ Ba,Nb,Og, 0.75 < x < 0.25, belongs to the

o v = - -

tungsten bronze family even though the end members, SrNB,O and BaNb,Og, do not

exhibit 4 bronze structure. This solid solution is based on the formula (/\1)4(/\2)2810030
2

in which both $r¢" and Baz' are in the 15- and 12-fold coordinated sites; since these sites
are partially empty, the SBN solid solution is referred to as an unfilled bronze. Japanese

{ work reports that Srp Ban , NboO, (SBN:60) 15 close to the congruent melting re ion,27
l 0.690.4"NP Ve & & e

6
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28

and not Sry sBag sNbyOp (SBN:50) reported by Carruthers et al“” in the early 1960s.

More detailed information on this system can be found in earlier papers.29’30

BSKNN System

The BaZ—xserl—yNabejolj compositions exist on the SrNb,O,-BaNb,O,-
KNbO3-NaNbO 5 quaternary system as shown in Fig. 2.19 The BSKNN crystals listed in
Table | exist on the BSKNN-1 - BSNN-4 binary joint, and we currently believe that there
ex1sts a morphotropic phase boundary (MPB) region between BSKNN-2 and BSKNN-3. In
this system, BSKNN-1 is tetragonal at room temperature, whereas BSNN-4 is orthor-
hombic and hance permits MPB regions. The BSKNN solid solution is also based on the

2+, Sr2+, K" and Na* ions are in the 15

tormula (A|),(A5),B| 1054 in which the larger Ba
and 12-fold coordinated sites. In this case, both of these sites are completely filled;

hence this solid solution is referred to as a filled bronze.

SCNN System

The solid solution 5r2-xcaxNaNb5015’ 0.0 < x < 0.33, belongs to the orthor-
hombic bronze structure for all Caz* addilions,31 and as shown in Fig. 2, the dielectric
properties increase with increasing Caz* up to 20 mole%. The main feature of this
systern s that it exhibits transverse and longitudinal optical effects which are large and
nearly equal. This is the first system where we have found both properties to be

potentially large. Like BSKNN, SCNN crystals have a filled lattice structure.

7
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PBN System

The Pb,_Ba,Nb,Og solid solution exhibits an MPB region®2>? at x = 0.37
(Fig. 2). For x <0.37, the compositions are orthorhombic at room temperature with
large transverse optical effects, whereas for x 2 0.37, the compositions are tetragonal
and exhibit large longitudinal effects. Although we have recently reported various other
34,35

bronze MPB systems, the PBN solid solution remains as the best studied MPB bronze

and is potentially very useful for a number of optoelectronic applications.
CRYSTAL DEVELOPMENT

Table 2 lists a number of tungsten bronze single crystals grown in our work and
their associated growth conditions. The Czochralski pulling technique was used for these
growths, with the crystals pulled from 2 ~ 2" platinum crucibles in an oxygen atmosphere
to minimize the reduction of Nb”* to Nb*™. Initially, spattering during growth was a
severe problem due to the incomplete decomposition of BaCOj; this problem was
subsequently eliminated by sintering the starting materials above 1350°C (the
decomposition temperature of BaCO3). The crystals were grown along the <001> direc-
tion using suitable seed material, and after growth was completed they were held in a
post-anneaiing furnace and then slowly cooled to room temperature. Crystal cracking
during cooldown through the paraelectric/ferroelectric phase transition was initially a
problen, but this has now been minimized for tetragonal bronze crystals. However, this

problem s still a concern for orthorhombic crystals.

e 1pilially developed our growth technique for Srl_xBabezob, x = 0.25, 0.40

and 0.50, because of 1ts excellent electro-optic and pyroelectric properties. Early work

at el LM)ordlurucszb’zg indicated that SBN:5” was the congruent melting composition

8
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within this system, and SBN:50 growth was performed at various laboratories,36-41

Subsequently in 1976, Megumi et 3127 reported SBN:60 to be closer to the congruent
metting region. Qur crystal growth work has confirmed these results by achieving opticatl

16,17

quality SBN:60 growths of up to 3 cm diameter, while the growth of SBN:75 and

SBN:50 has been comparatively more difficult, with maximum crystal diameters of 2 cm.

Figure 3 shows optical quality SBN single crystals grown along <001>. These
crystals grow in a cylindrical shape with 24 prominent facets, with these features
unchanged for different Ba:Sr ratios. Although the growth of SBN:75 and SBN:50 has
been widely studied,l‘2 their growth has been confined to smaller sizes to maintain
moderate optical quahty. Based on our extensive crystal growth experiments in this
systemn, we belleve that SBN:60 is close to the congruent melting region, with a solidus-
liquidus gap substantially narrower than for either SBN:75 or SBN:50. In general, the
optical quality of these crystals depends not only on this factor, but also on factors such
as temperature stability during growth and the purity of the starting materials.

3+ 3+

Doping of SBN crystals with Ce”", Cr™ and La3* does not degrade optical

quality, with doped crystals being successfully used in photorefractive and pyroelectric

3+

studies,!® However, the addition of Fe”" introduces optical striations which have proven

3J'—doping was basically

difficult to suppress under the current growth conditions. La
studied for pyroelectric applications and it was found that although the quality of these
crystals remains generally good, La* doping In excess of | mole% changes the crystal
shape from cylindrical to squarish, as shown in Fig. 14.18 Liu et al9 also investigated the

growth of La3'—doped SBN:50 crystals, but they did not report such changes in the shape

of their crystals.

9
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Three distinctly different BSKNN compositions, listed in Table 2, have been
grown in optical quality up to 1.5 cm diameter. Since the BSKNN system contains five
components, it is very difficult to precisely determine the true congruent melting
composition on the BSKNN-1 and BSNN-& binary joint. This system was originally intro-

duced by Cross and c:o~workers,l*3 and later studied in Chinaaq

without mention of the
existence of a congruent melting composition. However, the growth of BSKNN-2 and
BSKNN-3 is relatively easier than BSKNN-1 and show superior optical quality, suggesting

that the congruent melting region may be in the vicinity of BSKNN-2 and BSKNN-3,

Figure 5 shows BSKNN-1 and BSKNN-2 crystals grown along <001>, with
BSKNN-3 having a growth habit similar to BSKNN-2. Note that BSKNN-! grows in a
square shape with four well-defined facets, whereas the relatively smaller unit cell
BSKNN-2 and BSKNN-3 grow in an octohedron shape with eight facets. Another bronze
composition, K3LirNbgO) g (}\‘LN)31 grows 1n a square shape similar to BSKNN-|,
suggesting that this growth habit is common for larger unit cell bronzes containing
alkaline ons.  As listed in Table 2, the dielectric and optical properties for these larger
umit cell crystals (BSKNN-1, KLN) are generally smaller than for the smaller unit cell
BSKNN-2 and BSKNN-3 crystals. Another interesting feature of the BSKNN system is
that as one moves from BSKNN-2 to BSKNN-3, the transverse effects (533,r33) become
larger, suggesting the possible existence of a morphotropic phase boundary region
between BSKNN-2 and BSKNN-3 (Fig. 6). Further work is in progress to establish the

existence of an MPB region, if any, within this binary join.

The  growth  of  orthorhombic  Sry qCagy (NaNbsO;q (SCNN-2)  and
Srl‘SCao.zNa!\Lbjol 5 (SCNN-1) was found to be more difficult than BSKNN and SBN due
1o a lower crystal symmetry ard the lack of information on the congruent melting
compositions within this system. Initially, these crystals were grown using SBN:60

10
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crystal seeds and as better SCNN crystals became available, they were subsequently used
as seeds. Currently, SCNN crystals have been grown up to 0.7 cm diameter with
reasonable quality; Fig. 7 shéws an SCNN-2 crystal grown along <001>. SCNN grows in a
cylindrical shape and exhibits certain facet formation, although the actual number of
facets has not been conclusively established. Ce3+-doped SCNN-2 was recently

31

examined in photorefractive measurements,” and although the crystal quality needs
improvement, strong photorefractive effects were evident. Further work is underway on

these SCNN composttions to improve their size and quality for various device studies.

The Pb2+~containing bronze composition, Pbg (Bag ,Nb,Of (PBN:60), has
proven even more difficult to grow due to the continuous loss of lead during growth.
Although we have succeeded in growing approximately | cm diameter crystals at Penn
51a10,35 homogeneity has been poor due to lead loss. This composition s important
primarily because it has the highest potential figures-of-merit (FOM) for optical and
norminear optical applications. To better realize the benefits of such high FOM materials
and to better understand their basic properties, we are currently developing single
crysta!l films of PBN:60 on SBN:60 substrates.*” We believe that the growth of these
materials in the form of thin films will ultimately prove more beneficial to device

applications than the poorer quality bulk single crystals.

Figure 8 shows idealized forms of the growth habits for bronze ferroelectric
crvstals, Since only a few orthorhombic bronzes, such as BazNaNb5Ol5, szKNb5Ol5,
K,oBINbO| 5 and KaLiy(Ta| ( Nb,)5O 5 (KLTN) have been grown in decent size, the basic
growth habits of these crystals are not yet well established, except for KLTIN which
grows as square crystals. Based on our work, it is clear that heat flow and other growth

factors are important in developing facets in all of these crystals.

1!
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PROBLEMS ASSOCIATED WITH ATTAINING OPTICAL QUALITY

Tetragonal SBN and BSKNN single crystals have proven comparatively easier
to grow than orthorhombic SCNN crystals. However, the quality of SCNN crystals has
been adequate for the measurement of ferroelectric properties such as the dielectric
constant, polarization and pyroelectricity. Nevertheless, the crystal quality for optical

measurements has not been adequate.

As shown in Fig. 9, we have encountered numerous problems in all bronze
crystal growths, particularly for BSKNN and SCNN. Although moderate 10 large size
crystals have been developed in all of these compositions, the following problems have

been of greatest concern:

L. Multicomponent solid-solution systems, making it difficult 1o establish true

congruent meltng regions.

2. High material melting temperatures (> 1450°C), resulting in volatilization and

oxidation-reduction (Nb5+ . Nb4+) probiems,

3. Exchange among crystallographic sites, specifically of the 15- and 12-fold

coordinated ions such as Baz*, sr?

", K+, Na*, causing severe striations.

4. Cracking of crystals when passing through the paraelectric/ferroelectric phase
transitton temperature.  This problem 1s more severe for orthorhombic SCNN
crybt‘dl-;, becaus: they undergo two phase transitions, i.e., paraelectric/
ferrociectric (at ‘ogh temperature) and ferroelectric/ferroelastic (at lower

temperature),

12
T8 A e




Because these bronze systems are multicomponent, often incorporating four or
more elements, compositional fluctuations on a large scale were routine in our early
growih experiments, producing defects such as coring, banding, bubble formation and
striations, as summarized in Fig, [0. These defects were partly related to the poor heat
flow through the growth interface resulting from oxygen loss at elevated temperatures.
These crystals also twinned easily, probably due to the above plus the complicated unit
cell and a poor chotce of growth temperature gradients. We quickly realized that sharp
lethperalure gradients were not appropridate for growing these bronze materials, as they
tended to produce crystals with high dislocation densities along the c-axis with massive
strain frelds, twinning, and the cracking ¢f boules when cooling to room temperature or,
G e warsU canen, even wihtle the crvstals were growing. These experimental results led
Uy Lo the Gevelopiient ot lower temperature gradients near the melt interface and, as a

s

resulty boule gueliny has pradually improved with the successtul suppression of coring and

cormpositional Huc tuations responsible tar banding,

Although coring and compasiuional fluctuations (banding) were finally elimin-
ated to a large eatent, twe crystals were still found inadequate for optical studies due to
the presence of strictions. AU this stage, ettort shitted towards investigating the prob-
e ansociated with optical striations, and 1t was found that the following factors were
Lo tan s contribitory:

.

.3
Iopre rae o starting mateniah, partuicularly e,

Termperat-e mstabihits near the sohid-hguid interface.

13
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3. Cooling rate variation: Under different cooling rates, the distribution of sr2*

and Ba®" on the 15- and 12-fold coordinated sites varies (for example, T.

increases with faster cooling rates), and striations result due to nonuniform

distributions of these ions.

Since Fe2+/FeB+ ;s an active dopant in producing favorable photorefractive
effects in Bay;NaNbsO, 5, KNbO3 and LiNbO 5,070 its role has been studied in SBN and
BabNN 1n some detail,  In the tungsten bronze structure, Fe3+ occupies the 6-fold

coordinated Nb2' site and it gives a beautiful golden yellow color for low doping
Sl

levels. Although these Fe-doped bronze crystals also exhibit large photorefractive

.

citects, their quality 1s degraded by the occurrence of striations. Based on our
mvestigations, these striations exist unless ultra-pure starting materials are used with

iron concentrations less than 2 to 3 ppni.

In order to understand more fully the role of 6-fold coordinated cations, we

have also introduced Cr3+ and .\ﬂ!\'a' i the 6-fold site and have found that the crystals

grown are of aptice! quality with excellent photorefractive effects up to 0.20 wi% crlt

or Mn}‘.Sz 2 3 3+

Stmilar attempts to replace Sr“’ by Ce”" or La”" in the 12-fold coordinated

site have also been successful, and these crystals also have excellent quality for several
applications.  In particutar, Ce-doped SBN and BSKNN crystals have been extensively
used in photorefractive cxpcriments,lo‘l L while La3*—doped SBN crystals are found to be
par Goutarly suttable for pyroelectric detector studies.lg Table 3 summarizes the various
dopants investigated and therr site preference in the bronze structure. The unusual role
ot }’c" moantroducing strigtions s still a mystery 1n bronze crystals and we believe that
ctiort should be contnued to distmguish its character from other trivalent dopants such

wr Cr3 T and M3

14
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Another important parameter for achieving high crystal quality is the
maintenance of a flat solid-liquid interface during growth. This strongly depends on
strict temperature stability and controlled pulling conditions which have been achieved
by the use of an automatic diameter control (ADC) system in our growth facilities.
Currently, two different types of ADC systems are being used: one weighs the boule
during growth (Crystar), and the other weighs the crucible (Technical Specialties and
Services (TSS)). Both systems are adequate for our needs, but the TSS system is designed
for larger crystals of 80 to 100 gms total weight. Using larger crucibles and other
necessary modifications, one can use this system for even bigger crystals in excess of 300
to 500 gms. The use of these ADC systems has improved heat flow conditions and helped
o maintain temperature stability of * 1/2°C or better. To make these systems more
reliable and versatile, theyv are now interfaced to a computer to maintain a constant
crystal diameter through the control of the pulling rate and the melt temperature.
Although further improvements are being investigated, the present crystal quality and

diameter control are sufficient for routine large production.

Thin polished sections of numerous crystals have been examined under a trans-
mission microscope, examples of which are shown in Fig. Il. When bronze crystals have
been pulled without the use of an ADC system, they are invariably striated. On the other
hand, when an ADC system 1s used and is well tuned to the optimum growth conditions,
the crystal quality dramatically improves and can be maintained throughout the boule.
However, as shown in Fig. 11, the system needs a certain amount of time to adjust (1 to
2 h), and once the heat flow and pulling rates are optimized, high crystal quality can be

maintained throughout the growth.

The developnient of striation-free SBN:60 crystals was found to be easier than

other bronze crystals, because this composition exists close to, or at, the congruent

t5
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melting region. The growth of optical quality BSKNN-! crystals was difficult since it
exists far away from the so-called congruent melting region, which appears to lie
between BSKNN-2 and BSKNN-3. The present successful growth of doped and undoped
bronze crystals in optical quality is considered to be an essential step in their ultimate

application in optoelectronic devices.

FERROELECTRIC PROPERTIES

Figure 12 shows the polar axis dielectric properties for three bronze ferro-

efectrics 1in which good crystal qualitv has been attainable, specifically SBN:60, BSKNN-2

8}

na 5f’|,9QCGg_1@N8\b5015 (SCNN(196/10)). Bath SBN:60 and BSKNN show very large

Grerectric maxiina at the phase transition temperature, T, reflecting the essentially
secand order phase transition behavior (T = ¢3) of these materials. SBN compositions,
i general, have a somiewhat broadened transition region due to their unfilled lattice
struclure compared to the sharper transition of filled bronzes such as BSKNN, as illus-
trated i b 120 On the other hand, SCNN crystals are somewhat unique in that the
diclectric maxnunum at T s an order of magnitude lower than that found in either SBN
or BSKNN, with a broad secondary maximum occurring well below TC due to a ferro-
elastic transition,  The behavior of the ferroelectric transition in SCNN may be under-
stood by an examination of the normalized dielectric stiffness X33 = c§§ , as shown in
Frg. 13, In SCNN, the transition temperature, T (P3 + 0), occurs above the Curie
tetperature, 0g, determined from the extrapolation of the high temperature slope to
133 = 0. Hence, untike SBN and BSKNN, SCNN s a first order phase transition

ferroetectric with T = 268°C and 04 = 262°C. The broad secondary transition occurring

near 90°C 1y ferroelastic, causing SCNN crystals to be weakly orthorhombic at room

té6
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temperature. However, unlike more classic orthorhombic bronzes such as PBN, the 3- or
c-axis is the unique polar axis, similar to tetragonal bronze ferroelectrics. Hence, SCNN
is referred to as a Type lI orthorhombic, or pseudo-tetragonal, ferroelectric similar to

bronze Ba,NaNbsO, 5(BN N).

Figure 14 shows the a- and c-axis dielectric stiffness properties of Cr-doped
(0.01 wt%) SBN:60, showing the large difference between the Curie temperatures 0| and
03 typical of tetragonal or pseudo-tetragonal bronze ferroelectrics. An interesting
teature is the nearly linear variation of X33 with temperature in the ferroelectric phase;
from the standpoint of the phenomenology (Egs.(3) and (4)), this reflects strong
temperature dependencies for the higher order Devonshire coefficients asq, a333,
ete.’? This behavior is also observed in BSKNN compositions and in SCNN for
temperatures below the ferroelastic transition (Fig. 13). Note also that in SBN:60, X11
{and therefore, t“) varies only weakly with temperature below TC. Hence, the linear
electro-optic coefficient rg) (£q.(5) is expected to be only weakly temperature-

dependent.

Doping with Ce, Cr and Mn does not appreciably affect the ferroelectric
properties of these crystals for dopant concentrations of 0.02 wt% or more, depending on
the dopant. Lanthanium doping, however, appreciably broadens the dielectric character
near the phase transition,18 and significantly lowers the phase transition temperature.
This is 1mportant for pyroelectric applications, since the pyroelectric coefficient,

aP

P aT @
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achieves a maximum near TC where the spontaneous polarization, P, varies rapidly with
temperature.  Hence, La-doped SBN:60, with T. close to room temperature, is

particularly suited to high sensitivity pyroelectric detector applications.

Figure 15 shows the variation of the spontaneous polarization and the pyro-
electric coefficient as a function of temperature for undoped SBN:60; La-doped material
shows the same characteristics, with the curves shifted downward in temperature
according to the level of doping. It is seen that P Is only a weak function of
lemperature, varying as (0 —T)l/6 over much of the temperature range below the
transition temperature for SBN and BSKNN compositions, and likewise for temperatures

below the 90°C ferroelastic transition in SCNN.

In general, these bronze crystals show very low dielectric dispersion and
aielectric losses after poling to a single domain conditiori. Room temperature values of
the dielectric loss tangent (100 Hz-100 kHz) have been measured as low as 0.00605 in SBN

6712 ohmteem ™! or less. Poling is

and BSKNN c¢rvstals, with dc conductivities of 5 « |
relatively easy to accomplish by applying a moderate dc field of 5-10 kV/cm during stow
cooldown from the transition temperature. However, the field must be brought up
gradually when close 10, but below, T to avoid the formation of a thin fracture region
underneath the positive electrode. Aside from this consideration, these crystals have

proven o be mechanically very rugged, and can withstand repeated thermal cycling

without ddarmage.

DISCUSSION
Table & hLists the optical figures-of-merit r»lj/u and ”3rij/‘ for several of the

more nnportant bronze ferroelectrics in comparison with BaTiO; and KNbO,;. With the
! p 3 3
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exception of PBN:60 butk crystals, which presently suffer from inhomogeneity and a lack
of optical quality, all of these materials possess high FOMs and good optical quality for
serious consideration in several optical device applications. Perhaps the most important
of these applications is in the area of photorefractive deviceslo'n (optical phase conju-
gation, optical computing, etc.), in part because of the relative ease with which these
crystals can be doped and tailored for specific spectral regions from 0.4 um to the

near-IR.

One of the more encouraging aspects of these bronze crystals is the excellent
uniformity of their ferroeleciric properties from growth to growth. Considering that all
of these materials are solid solutions of varving complexity and high melting tempera-
tures, this is something we could only hope for when this work was initiated eleven years
ago. Although each new material system presents its own unique set of growth problemis
and considerations, all of these materials -- and in particular, SBN -- iiave contributed to
a better overall understanding of the requirements for the growth of homogeneous,

oplical quality crystals of moderate to large size.

SBN:60 remains as the material of choice at the present time because of the
maturity of its development and its particular suitability for investigating new dopants
for photorefractive applications. However, other bronze crystals, such as BSKNN and
SCNN, may ultimately prove more advantageous in certain applications, depending on the
specific device requirements. Aside from bulk crystal applications, bronzes such as SBN
and BSKNN are being investigated for guided wave optical application53’6 and are also
being effectively used in our wo k as substrate material for ferroelectric and super-
conducuing thin film growths. Witn the diversity of potential applications for these
crystals, and the possibilities for developing new solid solutions within the tungsten
bronze crystal fanuly, i1t s evident that ferroelectric bronze crystals will continue to
play an mmportant and growing role in optoelectronics.
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List of Figures

Tungsten bronze crystal structure.

Tungsten bronze crystal systems of primary interest. (a) BSKNN quarternary
system; (b) SBN phase diagram; (c) BNN-SNN-CNN dielectric properties (ceramic

samples); (d) PBN phase diagram.

Optical-quality SBN single crystals grown by the Czochralski technique.

LaB*—doped and undoped SBN:60 crystals.

BSKNN-1 and BSKNN-2 single crystals. BSKNN-3 has a boule cross-section

similar to that of BSKNN-2.

Ferroelectric phase transition temperature, T s a-axis lattice constant for

c Vv

compositions in the BSKNN system,

SCNN-2 crystal grown along <001>.

Idealized growth habits of BSKNN and SBN:60 single crystals.
Potential defects in tungsten bronze crystals.

Schematic representations of defects in tungsten bronze crystal boules.
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I1.

12.

Transmission microscope photographs of SBN:60 crystals grown with and without

automatic diameter control (ADC).

Polar axis dielectric constant vs temperature for SBN:60, BSKNN-2 and

SCNN(190/10) crystals. F = 10 kHz.

Reciprocal dietectric constant (stiffness) along the polar c-axis for

SCNN(190/10). F = 10 kHz.

Normalized dielectric stiffnesses X1] < EH and  x33 (polar) for Cr-doped

SBN:606. The data shown are essentially identical to those of updoped SBN:60.

Spontaneous polarization, P, and pyroelectric coefficient, p, for undoped SBN:60.
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play anwmportant and growing role in optoelectroniCs.
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DEFECTS
* CORING
e STRIATION AND OTHER DEFECTS
¢ INCLUSIONS
CRACKING OF CRYSTALS ¢ STRAIN MULTICOMPONENT-SOL

* FERRO-FERRO “OLUTIONS
4 mm —~ mm2 e TRUE CONGRUENT

* PARA-FERRO MELTING COMPOSIT
4 /’mmm - 4mm s COMPOSITIONAL

e THERMAL CRACKING FLUCTUATIONS

dW3lL
ALNIBYLSNI

PROBLEMS
ASSOCIATED
WITH GROWTH OF
TUNGSTEN BRONZE
CRYSTALS

HIGH TEMP GROWTH
» CONTAINER PROBLE
Ir0-CONTAMINATIC

SITE PREFERENCES

e FLUCTUATION OF BaZ",
Sr2*, Na* ON 15- ANI

SH3IHIO

12-FOLD CO-ORDMI.. .-D SITES ¢ OXIDATION-REDUCT
Nb5* = Nbd*
MATERIAL RELATED e VOLATILIZATION
e VISCOSITY Pb2*, K*, Na®

SUPER COOLING
VAPOR PRESSURE
PHASE TRANSITION
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Ferroelectric tungsten bronze B3KWL crystals for photorcfractive apjiications
R.h. Neargaoenxar, w.K. Cory and J.K. Cliver

Rockwell International sScience Center, Thousand vans, Ua Yiso

Abstract

Ce-doped tungsten tronze Ba;_,Sr K;_ ha Npz O (BSKNI) ferroelectric Cr;=tals nave
Deern Jgrown by the {zocnrals<i Leliniique, g“u uLL Ounu tu be of optical Guaiit,; wit.
excellent photorefractive properties. Although the BSKKNN crystals studied huave a tetre-
gonal bronze structure at rooim temperature, thelr growtht havits are difterent: bBsKhh-~i
grows in a sguare snapc with fodr well-defined facets, while BSKNN-2 crystals have an
octahedron sharv with eilght well~defined facets. Ferroelectric and optical :
show thes. or; 5 to have strong longltudinal effects simiiar to perovii.te
excelient self-pumped phase-conjugate behavior.

Ta.

Introduction
Tetragonal tungsten brorze BSKNN ¢ a ferroelectric wraterial wit s propers
T103, bot with a ferrocicltric/paraviectric transition occurring at relat
ratures.’ According to the recent worx by Rodriguez et al,
sSr:,sK:,2Nar,sN0s01s (BSKLn-2) crystals have an excellent potential for

photorefractive and phase-conlugation applications because of the followln: tedtures:

I Exhibits large iongitadinal eftects, e.q., electro-optic cowiticient re:. 1«
~ 4yl x 1G7-+

-
TV

C. EXLiLlts large dielectric anisotropy witih €. > €3 thus witii a larvi. protore-
p .

fractive filgure-or-merit n’rlA/gg:.

3 Mogst BSKNN COTpositions e lt neariy conardently ang also at resalive iy diowe? Lo loa-
tures {& 1400°0) tran otrcr po.torwiractive crystals suct as BaTio, 1~ le3U®0. arnc
SBN ta 131Ul

4, Growti of large size {(~ 1.5 ¢ 11 diateter), optlcal-guality crvstals nes nuw becrn
deronstratea.
we have grown a nuamber of crystal compositlons 1n the BSKNN systess’* and have founa
that these crystals, particcelarly BSKNN-2Z, have excellent potential for electro-optic and
photorefractive apglications. This paper reports preliminary data on the growth of (e-
doped Ba, _ 25r:, eKo,sNa.,75Nac, z5803 013 (BSKNN-1) and BSKNN-Z crystals and aata on phase-
conjugate effects.

Experimental

The tungsten bronze BSKNN-1 and BSKNN-2 compositions exist on the SrNb; O -BaND0c -~
KNDO3; -NaNbO3 system, even though the end-member materials do not belong to the tungsten
bronze structural family. The discussion of the tungsten bronze solid solution range and
the types of bronze structures has been published elsewhere.! Tungsten bronze composi-
tions are represented by the chemical formulae (A} )u(A2)2CyB10030 and
(Al Ju (A2 )2B1003¢, where A}, A;, C and B are the 15-, 12-, 9- and 6-fold coordinated lat-
tice sites. Since the C sites are empty in the BSKNN solid solution, BSKNN 1is repre-
sented by the second chemical formula with all of the 15- and l2-fold coordinated sites
completely filled. 1t is interesting to note that although the bronze Sr,_,Ba/Nb
{SBN) solid-solution system is also represented by the latter formula, the fs- ang ?2—
fold coordinated sites in this case are partially empty.

Single crystals of BSKNN were grown using ultra-pure BaC03, SrCO3;, K2CO3, NapCO03,
Nb20s and CeO; powders. The Czochralski crystal growth furnace used was rf induction-
heated at 370 kHz, and the crystals were cooled through their paraelectric/ferroelectric
phase transition in an after-heater furnace.

A variety of techniques were used to evaluate the ferroelectric, optical and photo-
refractive properties of these crystals. Crystals belonging to the tetragonal point
group 4mm have three electro-optic (r33, rsiy and ri3), the piezoelectric (d3i3, dis and
d13) and two dielectric constants (e33 and €11), thus requiring samples of different
orientations. Bar and plate samples oriented along (001) and (100) were cut with a
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dianond saw trom the boules, and then were lapped and polisned to an optical finish,
Prior to most .neasdrements, the crystals were poled by the field-coonling method unuer a
de fieid ot 8-10 kV.cw along the polar axis (001).

Growth ot Ce-doped BSKNN crysals

To use BSKNN crystals for photorefractive applications, specifically for image proc-
essing, optical comvuting and phase conjdgation, it 1s important that the change 1in the
photorefractive 1ndex, n, should be large and should occur rapidly. The change 1in n 1is
given oy

tro-optic coefficient and E 1s the space-~charge field. Since ths

where r ls the ejec

electro-optic centficient is relatively constant for a given crystal composition, aAn can
ve enhance.d Ly 1ncreasing the optically generated space-charge tield. Lurrently, tnis 1s
an active area of research In ferroelectric optical materials exhibiting large electro-
optic 2ftects, soohoas SBN, x = 0.25 and 0.40, and perovskite BaTiOs3.

noour laboratory, we have found that both the photorefractive spec3 and spectral
response can oe controlled using ced*/Ce** in various crystallographic sites in SBN:6Y
and \4\:“5 Jrystals.'  These Ce-doped SBN crystals have shown excellent phrotoreiractive
Droperties W1th optical phase-conjugate behavior comparavble or better tihan BaliO3. For
tiils reason, ‘.-%gpga B3KNN-1 and BSKNN-2 crystals were grown by the Czochralsk! growth
technigae estaviished tor other tungsten bronze crystals such as sSBN:6D, SBN:75, SKN and
PBN.*T® Initziaily, undogu BSKNN crystals were used as seed wmaterial, and as small doped
Srystals rocote avallanie, the latter were dsed as seeds 1n subseguent growths. Typical
Irowth conagrtions are as follows:

It

LeooSrawtn TeTueratare: ligu=-148n°
<. Palling nate: 6-1J mi.h
3. Growt:n Direction: VRV

3. JeoJoneentration J.d5 wis

and oth tunysten LIONZe Crystals, tne

jflw{' ot NNOoCrysta can be adversely affected Ly a nutber
leadint to Lulx Srystal fractyre, Conpositin nAonuniliormity and ortical

~t tactors, the tost significant are:

N 1 il o +
"EArities in thee starting matertails, particalarly Fed®,

I. Rotation and ©alling rates. In particular, the rotation rate has 4 strong influence

ot J0; aniforrity 1n the crystal.

. Jooling rate wvartation.  The Ba:Sr and K:Na distribution on the 15- and 12-fol
Sooriinpated Sites change with the cooling rate, and can cauase severe striation
proanliana,

[» adiition, the very complexity of the BSKNN solid-solution system makes successful
crystal growth a rore difficult task in comparison with simpler systems such as SBXN.
Nevertheless, we have been able to grow optical-guality BSKNN-1 crystals up to 1.2 cm
diameter and BSKNN-2 crystals up to 1.5 cm diameter using autonatic diameter-controlled
Czoctiralsk: crystal growth. Figure 1 shows typlcal BSKNN crystals grown along the {(0Jl)
axis.

Tne small addition of Ce (0.05 wts) did not significantly alter the growth conui-
tions or tue ferroelectric phase transition temperature for either BSKNN-1 or BSKNN-2.
The Jdoped crystals are pink in color and show differing natural growth habits: BSKNN-1
grows 1n a sgyuare shape with four well-defined facets, whiie BSKNN-2 has an octahedron
Jrowth habit with eight well-defined facets. These growth habits differ from other
bronze gr'<tals such as SBN:60 and SBN:75, which are cylindrical with 24 well-defined
facets.’

Characterization

The ygrown BSKNN crystals were characterized by various ferroelectric and optical
technigues. Both BSKNN-1 and BSKNN-2 exhibit strong longitudinal effects, e.g., large
€11, Jis and ry;, which differ from other tungston bronze crystals such as SBN:60,
SBN:75, etc., in which transverse effects such as €33 and r33, are stronger. A more

92 7/ SPIE Vol 739 Phase Conjugation. Beam Combining and Diagnostics (1987]




Figure 1 BSKNN crystals grow!.

along (001} axis. 1001)
1100} e—— 100}
\"|0| \n\m
11001 1100)
BSKNN-2 BSKNN-1

detailed description of comparative crystal properties 1s presented 1n another paper.t
Table 1 summnarizes the photorefractlve properties of BSKNN crystals doped with (e,

Table 1. Role of Ce3* in Tungsten Bronze BSKNN Crystals
ER— T - » ST ]
' 15~ or lz-fFoid Cocrdinated Sites 9-Fold Coordinated Sites
— -
P N . !
i ® Pink 1n colOor Ccrystadls with e Greenish-yellow 1n color crystals
absorgtion at 0.4z .m with absorption at 0.7z to 0.5 ur
& Fannin: in Jreen resiin ] FATTIINS Lo Ted Tediol.
. ® Response time ~ 100 ms & Response time ~ 5-6s*
e Unupling coefticlent ~ 10 ez - e Coupling > 0.9*

-

e Sensitivity ~ 1077 Jscm

-
<

e Sensitivity ~ 107°% J,cue

e Optical-guality crystals e Optical-guality crystals i

|
i
e — P ——

* predicted values

Table 2 summarizes the optical figures-of-merit n3ri /e and r _/¢ for a number of
Lungsten bronze and perovs“ite crystals, inciuding SBN and BSKNN. gor photorefractive
appiications, the relevent tigure-of-merit can be taken as n3ri /e, which car be substan-
tially larger in bronze crystals than in perovskites. In the case of BSKNN crystals ex-
hibiting large longitudinal electro-optic effects similar to BaTiOz, the figure-of-merit
can be raised further by simply cooling below room temperature, since e¢]:, and therefore
rsi, increases below rooi temperature, whereas e33 decreases, as shown in Fig. 2.

A
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Fig. 2 Temperature dependence dielectric
properties for BSKNN-crystal.
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Table § compares the major properties of tungsten bronze BSKNN and perovskite BaTi0;
crystals, fBoth crystals are excellent hosts for electro-optic and photorefractive appli-
cations. BaTiO; crystals are commercially available and, as a conseguence, are being
studied extensively for optical applications. However, BaTiO; s exttemely difficult to
grow 1n the large sizes possible for SBN and BSKNN solid-solution crystals, ' In the case
of BSKNN, 1ts5 additional advantages over BaTiQ; are: 1) no twinning or poling problems
due to the simple tetrayonal-to-tertrayonal phase transition {4/mmm to 4mm); end 2) cool-
ing enahances the slectro-optic figures-of-merit vather than destroying the ferroelectric
state, because Lhe tetragonal-orthorhombic phasc transition, (§ any, lics at or below
I1quid nitrogen temperature, N

Table 2. Electro-Optic Figure-of-Merit for Tungsten Bronze (Crystals

[T TTTTT Tt - T
Diclectric Electro-Optic
Constant Coeff. 10742 m/v
Crystal €11 £33 £33 r5) ‘1J/f n]ri)/c
D ~pBay HoNb,0 0 (SBN:TS) 450 3000 1400 42 U. 467 5,60
Aty By sNb 0 (SBH:6O) 450 300 470 42 0.522 6.26
SUL_uaNatin 0 (SUNN) 1700 1700 » 800 --- 0.47Y 5.65
By B,y ot O (Pull:o0) 1900 500 - > lovo 0.840 10.10
JILY Uem A ¥
Tomnenin-d 36U 120 150 > 200 0.5%0 .67
LR e ’ 700 170 17u 35u 0.500 6.0V
- 740 270 --- ~ 40U 0.510 v, 15
At 4108 1500 (1Y) fvuu U. 399 Se 0
T . 0hg 20l n7? E3-1V] (o a0 .20
Taoae 4. Donparison Between Leading Photoveflvactive Crystaas

: Lenviaten Bronze BSE Perovswite Ba7Ti0; ;

IS P e e e e e ———— o 2t = = et = e e e %k S e ic o ¢ m e d e me L m s e m e e

o oo donnitadingl v s, g o Lavae dloapitadinal vy, s, o,
R IS E AN L avatiatie
o roelloant nost tor photorelractive s Lxcoelleat host tor photoretiractive
1t e stto=optie applications and eclectro=optic applications ;
i
L] Lariae cpaare and octahedron L Pure BaTiO0y crystals ave ditficalt
Tyt el U Lo oond owith optical Lo grow

fatb ity o are avarlabije

. Aoen e ot twinntng (dimmm s dmim) o J0° twins arte present (indn s dmm)
®  ALsarytion and response controlled ¢ Controlled spectral response with
in the desired spectral range dopants possible, but ditficult

15in g proper crystallogrphic
sitefs) for oa gtven dopant

4 ® N tetragonnal to orthorhorbic ¢ Tetragonal to orthorhowmbic tran-.

; tratisition observed down te attion occurs at 10°C i
| Lo terperature !
1
®  Open sitructure - structural ¢ C(Close~packed structure: limited |

% tiexibility to alter crystal compositional flexibilfty
; compusitinng
[

Uredope ] BUENN-2 crystals, an particular, show excellent photorefractive properties
wity A tesponse Lime ol around Gty ms Hight intensitien.  We expect that the responsc

“
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SIme could ultimately be better tian for le-adpea s5Bhae, sinle B
solar axis dielectric constant. Anotnel Interesting featdre notes
reponse reglon can be extendea froiw the visiule to trne ntrared i
preterence of tue Ce 1on. For example, when Je 18 places 1 thu_l&-

nated sites, pnotoreforactive absoritlon 1S OLserved 1In the VISILI., wheread the
ti1on is shifted out to the near-Ik when (e 1s locatea 1in ti. vy-{oid cozrainate:
As also reported tor BaTiOsz, tue responsce o!f (e-doped BSKIL-L 1s presentl; .
region; however, there may be roon for further improverment throug’. the ot
the shallow trap concentration and tie dopant crystallographic site distrinot:
tungsten bronze structare.

Tair.es 4 and 5 summarize the bear fanning and self-punpel phase-conjdgate:
times for BSKNL and other iealini photorefractive materials as determined Ly KOdr
et al.? Bascd or their investigations, Ce-doped BSKIN-I, SBN:62 anc SBW:75 vLronze
tals are presently comparable td BaTid: 1in their perforirarnce. More experimente. da
these Ccrystals ars being obtained at the U.5. Aray Niaht Vision ani Liectro €
Lavorator ., ani o .il. e pullisted elsewhero.

[

Taloie 4. Bean-Fanning Response Tite
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Conclidsions

The prospect for the further development of optical-gquality BSKKNN scliag-solution
crystals to larger sizes (up to 2 cr 1n J.2meter) are briaht, and efforts towar~ that
direction are in progress. 1t is expected that with further refinement of dopant concen-
trations and site preference distributions 1n the tungsten bronze structure, it should be
possible to optimize the photorefractive response time, and additionally control the
spectral response in the visible or IR regions. GJSince BSKNN crystals resembie BaTi03 1n

many respects, a number of potential optical device applications can be anticipated for
this 1nterestingy bronze material.
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ABSTRACT: Optical quality Cr3"-doped St . Ba, . Nb:Og (SBN:60) single crystals
have been grown by the Czochralski technique with boules as large as
2 cmoin diameter and 5 cm long being grown. The doping of 0.01 wt%
Cr:" on the 6-fold coordinated Nb5¥ site increases the dielectric
constant approximately 5% and reduces the phase transition tem-
perature from 75° to 72°C. Photorefractive fanning measurements
show a response time of 0.9s at 40 mW/cm?, a value nearly three
times faster than found in Ce3*-doped SBN:60 crystals.

MATERIALS INDEX:tungsten bronze ferroelectrics, strontium
barium niobate, chromium doping

INTRODUCTION

The photorefractive properties of ferroelectric single crystals such as BaTiO;
and tungsten bronze SBN:60 are of great interest because of their potential for applica-




tions in optical computing, imagre processing, phase conjugation and laser hardening.
Recent studies indicate that Ce3 -doped SBN:60 has a photorefractive gain and time of
response comparable to BaTiO; (1-8). In our recent work, we have measured gains as
high as 45cm™! and response times as fast as 10-40 ms, depending upon the laser
intensity, for Ce3*-doped SBN:60 single crystals. Further improvements, specifically in
the speed of response, are still desirable in most applications, and for this reason we
have recently undertaken the study of other dopants such as Fe?*/Fe3*, Cr3* and
Cr3" + Ce3" in SBN:60. This paper reports the growth of Cr3*-doped SBN:60 single
crystals and their major ferroelectric and photorefractive properties:

EXPERIMENTAL

The selected Srg, ¢Bay, ,Nb,O¢ (SBN:60) composition exists on the SrNb,Og-
BaNb,Q¢ system in which a complete solid solution has been reported between these
two end members (10). However, the ferroelectric tungsten bronze (4mm) solid
solution, Sr,_, Ba,Nb,Og, occurs for 0.25 < x < 0.75, with SBN:60 being the congruent
melting composition (I11). For this reason, we selected this composition for this work,
with crystals being grown using ultrapure BaCO;, SrCOj;, Nb,O¢ and Cr,0; starting
meaterials. These rmaterials were batched in the appropriate ratios and thoroughly
mixed before sintering at 1350°C. The sintered powders were then melted in a
platinum crucible (2 in. in both diameter and height) supported by a fibrous alumina
iasulating jacket. The Crochralski furnace was rf induction-heated at 370 KHz, and
utitlized automatic crystal diameter control. All crystals were cooled through their
paraelectric/ferroelectric phase transition in an after-heater furnace. Further
information on SBN crystal growths ca. be found in earlier papers (1,2,12-14).

A variety of techrigues were used to evaluate the ferroelectric and optical
properties of these crystals. Prior to measurement, the crystals were poled by a field-
cooling method (TC to room temperature) under a dc field of 5-10 kV/cm along the polar
(001) axis using either Au o Pt electrodes. The completaness of poling was checked by
measuring the dielectric comsant before and after poling.

RESULTS AND DISCUSSION

SBN:el single crystals were doped with chromium at concentrations of 0.011
and 0.016 wt%. For these edditions, we did not notice any major changes in the growth
conditions adopted for undoped SBN:60 single crystals (12,13). The growth of Cr3*-
doped crystals proceeded without undue difficulties under the following conditions:

1. Melting Temperature: 1485°C

2. Pulling Direction: (001) axis

3. Crystal Rotation Rate: 10-25 rpm
4. Crystal Pulling Rate: 6-10 mm/h
5. Growth Atmosphere: Oxygen

Initially, undoped SBN:60 crystal seeds of optical quality were used for these
L+ . .
growths. As Cr? -doped crystal seeds became available, they were used in subsequent
experiments to maintain a uniformn Cr3% concentration in both the crystals and the
melt. As shown in Fig. |, crystals as large as 2 cm diameter and 5 cm long have now
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FIG. | Cr>"-doped Sty ¢Bag ,Nb,Og (SBN:60) crystal.

been grown along the (001) direction. Growths along other orientations, e.g., (100) and
(110), were also attempted, but these did not yield crystals of sufficient size or
quality. For this reason, all succeeding growths were performed only along the (001)
direction (3,%).

Cr:"-doped SBN:6C single crystal boules show a yellowish-green color with 24
well-defined facets, a unique feature of these solid solution crystals (1,2,15). The color
becomes tuore greenish as the Cr3' concentration is increased. SBN solid solution
crystals are represented by the chemical formula (A,)Y,(A5),8,,0;¢. where Ay, A, and
B are 1n 15-, 12- and 6-fold coordinated lattice sites, respecuvely Cr3* occupies the
6-fold coordinated Nb$™ site. Based on work on ceramic samples, we have found that
Cr solid solubility is surprisingly high (15 mole% or more) even though the charge
difference between Nbt " and Cr3” is not balanced.

The quality of these Cr-doped crystals is generally excellernt for photorefrac-
tive applications. Prior Lo this work, we also investigated the growth of SBN:60 single
crystals doped with Fe3", »\nh crystals as large as 2 cm diameter being grown without
any problems (1,2). The Fe2'/Fe3” ions are known to be active photorefractive species
in other ferroelectric hosts such as BaTiOy, KNbQ;, LiNbO, and Ba,NaNb,Q, ¢ (16-19);
however, the addition of Fe!” in SBN:60 reSUlted in degraded optical quality due to
severe striations. Since both Cr3" and Fe3" have similar ionic size, valence states and
site occupancCy in the tungsten bronze structure, one would expect to achieve similar
results in crystal optical quality for these two dopants. Efforts are underway to
distinguish the differences arising from these ions, so that the origin of striations in
Fe-doped crystals can be better understood.

Cr:"-doped SBN:60 single crystals possess ferroelectric properties similar to
undoped crystals, but with slightly lower phase transition (Curie) temperature. A
reductlon in T. of approximately 3°C has been observed for a 0.011 wt% addmon of
Cr3'. A similar trend has also been observed for Fe3*, Ti*" and (Tiv* + we* )—doped
SBN:60 compositions. All of these dopants prefer the 6- fold coordinated Nbs* site in
the bronze structure. However, their effects on photorefractive properties depend upon




the electronic structure of each dopant. Since the addition of (Ti** + Wé™) in orthor-
hombic tungsten bronze PbNb,O; raises T arld increases the piezoelectric coefficients,
we had expected that T. would rise for Ti4" -doped SBN:60, something which was not
observed. A more detailed investigation on this dopant is in progress and will be
discussed in a future publications.

The room temperature c-axis dielectric constant of Cr-doped SBN:60 is around
1100. This is 10-15% higher than in undoped SBN:60 crystals and is due to a slight drop
in T and a somewhat shaliower slope of the dielectric constant below T.. In contrast,
the a-axis dielectric constant of 485 is virtually unchanged from that found in undoped
SBN:60. The spontaneous polarization, P, was determined using P vs E hysteresis loop
measurements and integrated pyroelectric current measurements as a function of tem-
perature. Both methods yielded a value of P_ =29 * 0.5 coul/cm? at 20°C, comparable
to that found in undoped crystals. The static coercive (switching) field is 2.1 kV/cm;
this value can be expected to increase at nonzero frequencies due to the long time
constant for domain reversal (approximately | min) at this applied field.

The room-temperature dielectric losses in poled Cr3*—doped SBN:60 crystals
are tan 6 < 0.01 from !00 Hz - 100 KHz, with vanishingly low dc conductivities of
1071% @ lcm’™ ! or less. At high temperatures (2 350°C), the dc conductivity has a
thermal activation energy of approximately 1.6 eV, indicating that the equilibrium
Fermi level is pinned near mid-gap as in the case of undoped SBN:60. The similarity in
the dc conductivities of undoped and Cr3¥-doped SBN:60 suggests that electron donor
levels introduced by doptniz are closely compensated by additional acceptor levels, so
that the overall donor/accestor rativ, ND/N;\. remains essentially unchanged.

We have carried o. prefiinnary experunents on the photorefractive behavior of
an optically polished Cr: -doped SBN:60 crysizl. The transmission spectrum of this
crystal, along with that of Ce3"-doped SBN:6( crystals, is given in Fig. 2. As can be
seen from the transmission spectra, Cri'~doped SBN:60 has an increased red response
compared to either the undoped or Ce:'-doped crystals. Based on this difference in
spectral behavior, Cr:"-daped SBN:oG thus has potential for use as a photorefractive
material at laser diode wavelengths. In general, the photorefractive response of these
materials shifts toward the near infrared as the coordination site of the dopant is
lowered from the 12-fold site. For example, the spectrum of the Ce3*-doped sample in
Fig. 2 is typically observed when Ce3™ occupies the [2-fold coordinated site. When
Ce3" is placed in the 9-fold coordinated site, the spectral response extends to longer
wavelengths (3,20), as in the case here for 6-fold coordinated Cr3*,

We have measurec the e ! response time for beam fanning (21) using a HeCd
laser operating at 440 nm with a beamn diameter of 1.4 mm. These results are 5iven In
Table 1 along with a summary of the ferroelectric properties for undoped, Ce 3" -doped,
and Cr3*-doped SBN:60. For similar dopant concentrations, the Cr3*-doped SBN:60
crystal was substantially faster than either the undoped or the Ce3+—,doped crystals. In
addition, the Cr3+—doped crystal was also found to be faster than a BaTiO, crystal
measured under the same experimental conditions. However, neither the dopant species
nor concentration was known for the BaTiO; sample, although it displayed a behavior
typical to reports in the literature,
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FIG. 2 Transmission spectra for undoped and doped SBN:60 crystals.

TABLE 1

Ferroelectric and Optical Properties of SBN:60 Crystals

p.’C,’,J(‘! o

Undaper2 SO0

~ 3.

we

Dopes:

(3.013 wi<)

Ced' Dapes
(C.0H wis)

Crystal Size
(Diameter)

Crystal Color
Crystal Quality

Dielectric Constant

Phase Transition Temp.

Etectro-Optic Coeff.,
ry;(» 10-12 m/V)

Polarization
(ucoul/cm?)

Beam Fanning Response:
At 40 mW/cm?
At 0.2 W/cm?
At 2.0 W/cm?

Spectral Response
(um)

3cn

Paie Creatn

Opuiza!
€33 = 920
€ = 485
75°C

465

23.5

0.35 10 0.6

oo
(oo T ep AW Y

0.4 10 0.6

2cm

Tetlowtsh-Green

090 s
0.30s
0.018 s

0.4 to G.8**

[ N

*  Estimated value using ryy = 25 3Pyegse,, § = 012 miv /o,

** Based on absorption spectra.
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CONCLUSIONS

Our initial studies indicate that Cr3"-doped SBN:60 has the potential o be a

new photorefractive material that is competitive with, or superior to, both Ce3*-doped
SBN:60 and BaTiO;. Further experiments are needed however, to determine the
photorefractive coupling coefficient and the crystal behavior as a self-pumped phase
conjugator (22).

ACKNOWLEDGEMENT

This research work was supported by DARPA (Contract Nos. N00014-82-C-2466

and DAABO07-88-C-243). The authors are grateful to Professor L.E. Cross and Dr. W.F.
Hall for their discussions on this work.

—
.

17.
18.
19.
20.

21.
22,

REFERENCES

Neurgaonkar, R.R., and Cory, W.K., J. Opt. Soc. Am. 3(B), 276 (1986).
Neurgaonkar, R.R., Cory, W.K.,, Ollver, 1.R., Ewbank, M.D., and Hall, W.F.,
J. Opt. Eng. 26(5), 392('987)

Ewbank, M.D., N Neurgaonkar, R.R., Cory, W.K., and Feinberg, 3., J. Appl. Phys.
62(2), 374 (1937)

Rakuljic, G.A., Yariv, A.. and Neurgaonkar, R.R., J. Opt. Eng. 25, 1212 (1986).

Rakuljic, G.A., Seyano. K., Yariv, A., and Neurgaonkar, R.R., Appl. Phys. Lett.
SO(1), 16 (1987).

Wood, G.L., Clark, [
Neurgzonkar, R.R., IEE?
Miller, M.J., Sharp,

WL Milier, MUJ., Sharp, E.J., Salamo, G.J., and
J Quant. Electron. OE 23, 2126(1987)
Y

=
<

\~ood G.L., Clark, Hl, W.W., Salamo, G.J., and

Neurgaonkar, R.R., Qi Lett. 12, 360 (1987).
Megumn, K., Xozura, & .\o,;yashi, M. and Furubhata, Y., Appl. Phys. Lett, 30,
631 (1977).

Ewbank, M.D., and Neurzaonkar, R.R., private communication.

Ballman, A.A., and Broan, Ha, J. Cryvst Growth 1, 311 (1967).

Megumi, K., Nagatsumz, N., Kashiwada, K., and Furuhata, Y., Mat... Sci. 11,
1583 (1976).

Neurgaonkar, R.R., Cary, W.K., and Oliver, J.R., Ferroelectrics 15, 3 (1983).
Neurgaonkar, R.R., Kzhisher, M.H., Lim, T.C., Staples, E.J., and Keester, K.L.,
Mat. Res. Bull. 15, 1305 {1980).

Neurgaonkar, R.R., Cor,, W.K., Oliver, J.R., Miller, M.J., Clark, Ill, W.W., Wood,
G.L. and Sharp, E.J., 1. Cryst. Growth 84, 629 (1987).

Dudnik, O.F., Gromov, A.K., Kravchenko, V.B., Kopylov, Yu. L., and Kunzetsov,
G.F., Soviet ths Crystaligr. 15, 330 (1980).

Gunter P., Flucklger, U, Huxgnard J.P., and Micheron, F., Ferroelectrics 13, 297
(1976).

Gunter, P.N., Opt. Lett. 7, 10 (1982); Phys. Rev. 93, 199 (1982).

Amodei, J.1., Staebler, D. L. ., and Stephens, A.W., Appl. Phys. Lett. 18 507 (1971)
Ashykin, A., Tell B., and Dziedzic, J. [EEE J. Quant Electron. QE-3, 400 (1967).
Montgomery, S.R., Yarr:son-Rice, J., Pederson, D.Q., Salamo, G. J Mlller, M.J.,
Clark, III, wW.W,, \L’ood. G.L., Sharp, E.J., and Neurgaonkar, R.R., to appear in J.
Opt. Soc. Am. B.

Feinberg, J., Opt. Lett. 7, 436 (19382).

Feinberg, J., J. Opt. Soc. Ami. 72, 46 (1981).




I — e s e &

’l‘ Rockwell International

Science Center

SC5441.FTR

SELF-STARTING PASSIVE PHASE CONJUGATE MIRROR WITH Ce-DOPED SBN:60

118
C9976TA/jbs




et - ———-

[

c——— . e .
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We report the use of Ce-doped Sr, Ba, _ , Nb,O,, x = 0.60 and 0.75, as the holographic four-
wave mixing medium in the construction of a self-starting passive phase conjugate mirror using
internal reflection. Without correcting for Fresnel reflections, a steady-state phase conjugate
reflectivity of 25 was measured with Sr, ;5 Bag 55 Nb,O,:Ce. The distortion correcting
property of such a mirror was demonstrated using an imaging experiment.

Two-beam coupling in photorefractive crystals has been
used to demonstrate passive phase conjugate mirrors
(PPCM’s) which do not require external pump beams.'™ ' A
more recent version of such a device* " introduces an impor-
tant simplification by using total internal reflection in the
photorefractive crystal instead of external mirrors. Such a
mirror, however. requires a higher coupling threshold than
that of “he earlier devices. In this letter we report on the
construction of this phase conjugate mirror using cerium-
doped strontium barium niobate photorefractive crystals as
the holograrhic four-wave mixing media.

Strontium barium niobate (SBN) belongs to a class of
tungsten bronze ferroelectrics that are pulled from a solid
solution of alkaline earth niobates. The crystal is transparent
and can be grown with a variety of ferroelectric and electro-
optic properties depending on the specific cation ratios intro-
duced into the structure. In SBN the unit cell contains ten
NbO, octahedra with only five alkaline earth cations to fill
ten interstitial sites.” The structure is thus incompletely
filled, which permits the addition of a wide range of dopants
into the host crystal. The general formula for SBN is
Sr,Ba, .  Nb.O,. so SBN:60 and SBN:75 represent
Sty 60 Bag 40 Nb.O, and St 7« Bag 5« Nb.O,, respectively.

The point group symmetry of SBN is 4 mm, which im-
plies that its electro-optic tensor is nonzero. The dominant
electro-optic coefficient is 7,5, which at room temperature
ranges from 100 pm/V in SBN:25 to 1400 pm/V in SBN:75.
In order 10 realize the large values of electro-optic coeffi-
cients in SBN crystals, they must, in practice, be poled by
first heating them above their Curie points and then allowing

ARGON MO '
LASER LENS TRANSPARENCY BEAMSPLITTER
(RES CHART)

10 App' Phys Lett 50 (1). 5 January 1987

them to cool to room temperature with an applied dc electric
field of 5-8 kV/cm.

Single crystals of cerium-doped SBN:60 and SBN:75
were grown along the {001} direction by the Czochralski
technique. The resulting samples are high optical quality,
striation-free cubes 0.5 cm on a side. Cerium doping was
chosen since it dramatically enhances the photorefractive
properties of SBN.®7'® In fact, the resultant crvstals have
been shown to be just as photorefractive as BaT10,.°

The experimental setup for studying phase conjugation
with SBN is shown in Fig. 1. Initially the lenses and trans-
parency were removed so that the response of the phase coii-
jugate mirror could be studied with a simple Gaussian beamn.
The reflectivity of two mirrors. one with Ce-doped SBN:60
and the other with Ce-doped SBN:75, is given in Fig. 2as a
function of time. Not only does the data of Fig. 2 show that
phase ~onjugation using internal reflection is possible with
SBN, but also that the steady-state phase conjugate reflectiv-
ity measured with Ce-doped SBN:75 is comparable to the
30% reflectivity obtained with BaTiO,.* A photograph of
the SBN:75 phase conjugate mirror in operation is shown in
Fig. 3.

The imaging characteristics of the SBN phase conjuga-
tor were also determined with the arrangement shown in
Fig. 1, but now with the transparency and lenses in place.
The transparency, an Air Force resolution chart, was illumi-
nated by the argon ion laser and focused onto the crystal by
the lenses. The phase conjugate reflection was picked off by
the beamsplitter and projected onto the screen. Figures 4(a)
and 4(b) show the resolution chart and the phase conjugate

SCREEN

SBN FIG. 1. Experimental setup for studying phase con-
CRYSTAL Jjugation with SBN.
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Pnase Conjugate Retlectivity

FIG. 2. Phase conjugate reflectivities of the SBN phase conjugators as a
function of time. Pump beam power density was approximately 1.5 W/cm?.

image of the chart. Next, a phase distortion was placed
between the transparency and the crystal, which, as shown
in Fig. 4(c), rendered the chart indiscernible, and the phase
conjugate image was once again viewed as it was projected
onto the screen. Since the phase conjugate wave front at the
crystal surface is that of the resolution chart after passing
through the distortion, but with time reversal, the beam
emerging from the distortion is the original undistorted im-
age of the chart. This distortion correcting property of the
SBN phase conjugator is shown in Fig. 4(d).

In summary, we have shown that the self-starting pas-
sive phase conjugate mirror using internal reflection can be

L]

b

FIG. 3. Photograph of the SBN:75 phase conjugate mirror in operation.

constructed with cerium-doped strontium barium niobate.
Phase conjugate reflectivities of 25 and 129, not corrected
for Fresnel reflections, were measured with Ce-doped
SBN:75 and SBN:60, respectively. The imaging and distor-
tion correcting properties of the SBN phase conjugator were
also demonstrated.

This research was supported by Rockwell International
Corporation, the U. S. Air Force Office of Scientific Re-
search, and the U. S. Army Research Office.

()

=411 -
=X
=N Fee g
=l

2

(d)

FIG. 4. (a) Air Force resolution chart. (b) Phase conjugate image of the resolution chart. (¢) Image of the resolution chart with distortion. (d) Phase

conjugate 1mage of the resolution chart with distortion.
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Abstract. We present the results of our theoretical and experimental studies of
the photorefractive effect in single-crystal SBN.60, SBN Ce, and SBN:Fe. The
two-beam coupling coefficients, response times, and absorption coefficients of
these materials are given.
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1. INTRODUCTION

A given photorefractive material is considered useful for opti-
cal processing applications such as phase conjugate optics if it
possesses three important features: low response time, large
coupling coefficient. and high optical quality. Speed is neces-
sary f the crystalis to be used in real-time applications. and a
large photorefractive coupling coefficient is required for the
construction of efficient devices. Regardless of its speed and
gain. however. a crystal with poor optical quality is of hittle
practical importance. Although a material is yet to be found
that completely sauisfies all three requirements. here we show
how well SBN:60 approximates them.

2. MATERIAL PROPERTIES

Strontium barium niobate (SBN) belongs to a class of
tungsten bronze ferroelectrics that are pulled from a solid
solution of alkaline earth niobates. The crystal is transparent
and can be grown with a variety of ferroelectric and electro-
optic properties, depending on the specific cation ratios intro-
duced into the structure. In SBN the unit cell contains 10
NbQ, actahedra, with only five alkaline earth cations to fill 10
interstitial sites.’—? The structure is thus incompletely filled,
which permits the addition of a wide range of dopants into the
host crystal. The general formula for SBN is Sr,Ba, Nb,0O,.
so SBN:60 represents Sr, ,Ba, ,Nb,O,.

Paper 2182 received Aug. 13, 1985; revised manuscript received July 16, 1986,
accepted for publication July 18, 1986; received by Managing Editor July 29,
1986 This paper is a revision of Paper 567-04 which was presented at the
SPIE conference on Advances in Materials for Active Optics, Aug. 22-23,
1985. San Diego. Calif. The paper presented there appears (unrefereed) in
SPIE Proceedings Vol. 567.
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The point group symmetry of SBN is 4 mm, which imphes
that its electro-optic tensor is nonzero. The dominant electro-
optic coefficient is ry;, which ranges from 100 pm V in
SBN:2510 1400 pm; Vin SBN:75. In order to realize the large
values of electro-optic coefficients in SBN crystals. they must.
in practice. be poled by first being heated to above their Curie
points and then being cooled to room temperature with an
applied dc electric field of 5 to 8 kV cm.

3. PHOTOREFRACTIVE PROPERTIES

Single crystals of SBN:60, SBN:Ce (Sry (Bag ,Nb.O,:Ce), and
SBN:Fe (Sr,.Ba, ,Nb,O,:Fe) grown at Rockwell Interna-
tional Corporation were studied using the two-wave mixing
experiment shown in Fig. | to dctermine their effectiveness as
photorefractive media. In Fig. 1 beams | and 2 are plane
waves that intersect in the crystal and thus form an intensity
interference pattern. Charge is excited by this periodic inten-
sity distribution into the conduction band, where it migrates
under the influence of diffusion and drift in the internal elec-
tric field and then preferentially recombines with traps in
regions of low irradiance. A periodic space charge is thus
created that modulates the refractive index by means of the
electro-optic effect. This index grating, being out of phase
with the intensity distribution, introduces an asymmetry that
allows one beam to be amplified by constructive interference
with light scattered by the grating while the other beam is
attenuated by destructive interference with diffracted light.
This process is shown graphically in Fig. 2. Although it is
implicitly assumed here that the only photocarriers in SBN:60
are electrons, it is acknowledged that holes may also partici-
pate in the photorefractive effect. Experiments are currently
under way to resolve this issue.

Mathematically, this two-beam coupling may be described
in the steady state as follows:

dl, L1,
—=-r
d¢ L+,

- al, | )]

dI, L1,
d¢ L+ 1,

—al, , 2)




mi

2+d z2=0
Fig. 1. Experimental setup for two-beam coupling experiments.
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Fig 2. The photorefractive mechanism. Two laser beams intersect.
forming an interference pattern. Charge is excited where the inten-
sity is large and migrates to regions of low intensity. The slectric field
sssociated with the resuitant space charge operates through the
electro-optic coefficients to produce s refractive index grating

where |, and 1. are the intensities of beams | and 2 inside the
crystal, respectively. I 1s the tw o-beam coupling coefficient. o
1s the absorption coefficient, and ¢ = z cosf, where 0 < ¢ <
{ = d cosf. The transient behavior 1s approximated by

TEv = —e" gt =) +¢ Tt = 0)

=12 3
where r1s a characteristic time constant and
Lift = oc)m ] () 4)

The solutions of the above coupled-wave equations are

(1,(0) + L(O)]e
Wo = . 5)

(1,(0) + 1,(0))e"f
1,00

+ — It
Lo ©

It = (6)

By measurement of the four intensities I,(0). 1,(0), 1,({). and
1,({). both in the steady state and as a function of time, the
two-beam coupling coefficient I" and the response time 7 can

S I Gy w0y 3 7. 7 © - w e
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Fig. 3. Absorption spectrum of SBN:Ce.
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Fig. 5. Absorption spectrum of SBN:60.

be obtained from the ahave equations. It s important to note
that although the above description of the transient behavior
1s not strictly correct.* it does indeed approximate the tem-
poral response of the two-wave mixing process in SBN very
well since the measured waveforms can be accurately de-
scribed by simple exponentials.

Maximum coupling will result in crystals with large " but
small a. However, a and T" are not independent. In {act. since
charge must be excited into a conduction band by the intensity
interference pattern in order to start the photorefractive pro-
cess, some absorption is necessary. This is precisely where the
role of the dopant enters. If impurities are purposely intro-
duced into the crystal, donor sites are created that become the
absorption centers. 1t must be noted. however. that any
absurption that does not contribute to the photorefractive
mechanism is undesirable.

Figures 3 and 4 show the effect of cerium and iron impuri-
ties on the absorption spectrum of undoped SBN, which is
given in Fig. 5. Several interesting observations can be made.
First, the band edge shifts from 400 nm in SBN:60 to 430 nm
in SBN:Ce and 500 nm in SBN:Fe. Second. although the
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SBN:60 was not intentionally doped, deep-level impurities are
evidenced by perturbations in the spectrum near 550 nm.
Finally, the effects of Ce and Fe in SBN:60 are seen to be
significantly different. While the spectrum of SBN:Ce is
rather featureless, with a broad deep level centered at 480 nm,
the spectrum of SBN:F¢ displays a structured but broad
absorption extending from 500 to 700 nm. with characteristic
peaks at 550 nm and 590 nm. Future investigation of these
lines will indicate whether or not they contribute to the pho-
torefractive effect.

First principle calculations using the band transport model*
can be used to derive expressions for ['and r. Solutions to the
photorefractive equations developed most fully by Kukhta-
revt=f show that I" and r can be represented functionally as

~

=T, B A Toe N N end (7
r = rldg. Eoo A T dgiso ypo . Npo Ny 6) (8)

where the expernimentally controlled vanables are
= grating period

= applied field (normal to grating planes}
wavelength of incident hght

temperature

total irradiance

N

&= > e

and the matenal parameters are

effective electro-optic coefficient
phototonization cross section

two-body recombination rate

mobihty

number of donors under dark conditions
number of traps under dark conditions
static dielectric constant

background refractive index .

[T T TR VI T U TR

=R SV A I G

These equations were apphed to cerium-doped SBN. Specifi-
cally. the sample contained 10'* 1o 10" ¢cm™* cerium atoms.
which resulted in an as-grown crystal with I' = 11 cm™,
r'=010s,ande = 1. 8cm~'atl, = I W em’. T = 298K,
A =05145um. E; =0V cm, and dg = 5 um.

Vanations in I and r about this “operating point™ are
shown in Figs. 6 through 13, along with the experimentally
obtained values of the two-beam coupling coefficient and
response times for SBN:60 and SBN:Ce. Data for SBN:Feare
not shown since striations in the crystal so affected the optical
quahity of the crystal that no reliable experimental values
could be measured. Although the SBN:60 and SBN:Ce sam-
ples were striation free and displayed good optical quality. to
date all of the SBN:Fe crystals, regardless of their Fe concen-
tration, have been severely marked with striations. We believe
that better control of the melt temperature will eliminate this
problem.

With no applied field, Fig. 7 indicates that I" should be
greater than | cm™' for all practicai values of d_. while the
application of an electric field of 2 kV/cm ought to increase
the coupling coefficient to 35 cm™ atd, = 5um,asshownin
Fig. 8. Such a large response would then make even very thin
samples of SBN:Ce useful photorefractive media. However,
in practice, these large values of I' are not easily obtainable.
As an electric field is applied to the crystal, induced stresses
deform the material and the incident beams are distorted.
Therefore, we conclude that the application of an electric field
to the crystal to control its two-beam coupling coefficient is of

1214 / OPTICAL ENGINEERING / November 1986 / Vol. 25 No. 11

limited use.

Another way I can be modified was suggested in Ref. 9. By
varying the trap density N, with reduction and oxidation
treatments, one should be able tocontrol I, asshown in Fig. 9.
Although the exact number density of traps is difficult to
measure, we have indeed been able to change the two-beam
coupling coefficient from less than 0.1 cm™ to 15 cm™! by
heating the crystal in atmospheres with different oxygen par-
tial pressures.

The predicted variation of response time with trap density,
which is shown in Fig. 10, has yet to be observed in SBN:Ce.
Although " decreases as expected when the crystal is heated in
areducing atmosphere, the time constant remains unchanged
at a typical value of 100 ms at | W, cm? irradiance. This
unexpected and currently unexplained result has complicated
our effort to produce a cerium-doped SBN photorefractive
crystal with | ms response time, since heat treatment was
proposed as a method of achieving this goal.® Therefore, other
technigues may need to be invoked to obtain the desired speed
of response.

Figures 11, 12, and 13 show how the response time 7 is
affected by changes in the mobility u. the two-body recomba-
nation rate yg. and the photoionization cross section s,
respectively. Since u is predominantly an intrinsic quantity of
the host crystal, little can be done to increase its value. How-
ever. s and yy are extrinsic parameters that can be vaned by
the selection of different dopants. If the dopant chosen has
either a larger photoionization cross section or a smaller
two-body recombination rate coefficient than is presently
obtained with cerium, the resulting doped sample of SBN
should have a shorter response time. The selection of such a
dopant, unfortunately, is a nontrivial task.

Table 1 shows the results of an elemental analysis by
nuclear activation of undoped and cerium-doped SBN. Since
undoped SBN is photorefractive while containing only trace
quantities of cerium, we must conclude that cerium is not the
only photorefractive species for SBN. In fact, Table I indi-
cates that there are significantamounts of Fe. Ni,Mo.and Ta
impurities in the undoped SBN crystal. and Fe and Ni. for
example, are known to be effective photorefractive centers in
LiNbO,.!* Although iron has already been used as a dopant
for SBN. the resulting crystals were optically imperfect.
Therefore, we suggest that not only should the study of iron-
and cerium-doped SBN continue, but crystals doped with
other impurities, which may prove to have better values of v,
and s. should also be investigated.

4. SUMMARY OF RESULTS

A major goal of our work has been the growth of high optical
quality photorefractive SBN crystals. This was accomplished
in part by growing striation-free SBN:60 and SBN:Ce. Infact,
optically excellent crystals of SBN:60 and SBN:Ce can now be
had as cubes approaching | ¢m on a side. SBN:Fe. unfortu-
nately, has yet to be grown without striations. As was indi-
cated earlier, better control of the melt temperature may be
necessary to eliminate this problem.

Large two-beam coupling was observed in both SBN:60
and SBN:Ce. Values of " ranged from 2 cm™' in SBN:60 to
greater than 10 cm™' in SBN:Ce. Such response was large
enough to permit the use of these crystals in the construction
of thering'! and semilinear!? passive phase conjugate mirrors,
for example. It was also found that oxidation and reduction
techniques served as effective methods for varying the value of
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Fig. 6. Response time versus grating period
stly = 1 W, cm? forEg = OV/cm.

Fig. 7. Coupling coefficient versus grating
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Fig 9. Coupling coefficientversus trap den-
sity forEc = OV - cmandd; = 5 um

Fig 10. Response time versus trap density
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0.1 cm2:V-Teg™", 4y = 6X10°8 cmi/s,
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Fig. 11. Response time versus mobility at
lp = 1 W/cm?, assuming N, = 10'¢ cm™3,
w =6X108 em’. 5,8 = 1.6X10 9 cm?,
Npo = 10'%cm™, andd;, = 5 um.
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Fig 12 Response time versus two-body recombination rate coeffi-
cient at); =1 W/cm?, sssuming N, = 108 cm™2, u = 0.1 cm? -
V-legTl, s = 1.6X107 " em?, Np = 10?7 cm™3, and d; = 6 uym.

[ in these crystals. However, the application of an external
electnic field 1o the crystals tended to degrade their optical
quality rather than improve the value of their coupling
coefficients.

The response times of the SBN crystals we tested averaged
about 100 ms for an incident irradiance of 1 W.cm?. In
general, SBN:Ce responded quicker than SBN:60, with times
approaching S0 msat I W cm”. Since the two-beam coupling
coefficient of SBN:Ce is so large. the time required to reach a
given diffraction efficiency with SBN:Ce will be much shorter
than that needed with SBN:60. Although the response time of
SBN:Fe has yet to be reliably determined, we believe that its
speed will not differ significantly from that of the other two
crystais.
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Fig. 13. Response time versus photoionization cross sectionatl, =
1 W/cm?, sssuming Ny = 10'® em™, u = 0.1 cm?2:V-1eg™?,
m = 6X107% ¢cm?/s. Np = 10'* cm3, and d, = 6 um.

S. CONCLLUSIONS

High optical quality undoped and doped single<crystal SBN:60
has been grown and proved to be photorefractive. This effect
was quantified by measuring the coupling coefficients and
response times of several samples using the method of two-
wave mixing. The results of this work indicate that the intro-
duction of dopants into SBN:60 produces crystals with an
even greater photorefractive effect than that of undoped
SBN:60.
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TABLE |. Elemental analysis by weight of SBN:80 and SBN.:Ce.

Elements
& Units SBN:60 SBN:Ce
U PPM < 0.1 < 0.1
TH PPM < 0.3 < 0.2
NA PPM 30.0 <30.0
SC PPM 0.04 0.04
CR PPM < 5.0 < 5.0
FE § 0.129 0.714
CO PPM 0.3 0.3
NI PPM 50.0 $0.0
ZN PPM 7.0 5.0
AS PPM < 1.0 < 1.0
SE PPM < 5.0 < 5.0
BR FPM < 0.5 < 0.5
MC PPM 1.0 4.9
SB PPM 0.5 0.5
CS PPM < 0.2 < 0.2
BA PPM 160000.0 150000.0
LA PPM .2 1.0
HF PPM < 0.2 < 0.2
TA PPM 12.0 13.0
W PPM < 3.0 1.0
AU PPB < 5,0 5.0
CE PPM < 1.0 47.0
ND PPM Interfer Interfer
SM PPM 0.01 0.32
EU PPM 0.07 0.10
TB PPM < 0.1 < 0.1
YB PPM < 0.05 0.05
IU PPM < 0.01 < 0.01
SR PPM 148000.0 135000.0
RB PPM < 5.0 < 5.0
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We have grown and optically characterized strontium-barium niobate crystals, including both
undoped and cerium-doped crystals having two different Sr/Ba ratios (61/39 and 75/25). By
measuring the coupling of two optical beams in the crystals, we have determined the following
photorefractive properties: the effective density, sign, and spectral response of the dominant
charge carrier, the grating formation rate, dark conductivity, and carrier diffusion length. We

find that electrons are the dominant photorefractive charge carriers in all of our samples; the
typical density of photorefractive charges is ~1Xx 10'° cm™" in the undoped samples. The
grating formation rate increases with intensity, with a slope of ~0.3 cm*/{W s) over an
intensity range of ~ 1-15 W/cm” in undoped samples. Cerium doping improves both the
charge density (increased by a factor of ~ 3} and the response rate per unit intensity (~5

times faster).

I. INTRODUCTION

Photorefractive crystals' have been used to demonstrate
a wide range of nonlinear optical applications.” including
phase conjugation. ™" image amplification.**™ information
processing.”'* optical computing.'*™"* optical resona-
tors.'*"™ inerual navigation devices.”" "7 associative
memories.” """ etc. Most of the above demonstrations were
performed using barium titanate (BaTiO.), because it has
the largest optica! nonlinearity of any commercially avail-
able”" photorefractive material. and also because its photore-
fractive properties have been well characterized.” "~

Both nominally undoped strontium-barium niobate
(Sr,Ba  Nb.O, or SBN)*' and cerium-doped
SBN™" " are photorefractive (efficient internal self-
pumped phase conjugation® has been recently observed in
SBN*'), but these crystals have not been as extensively char-
acterized. The purpose of this work is to measure the optical
absorption and some important photorefractive properties
of these crystals, including their gain, wavelength sensitivity,
charge density. and response time. We also discuss the de-
pendence of these properties on crystal doping and on the
Sr/Ba ratio.

il. OPTICAL QUALITY SBN

Sr,Ba, _, Nb,O,. x =0.61, (or SBN:61) is relatively
easy to grow compared to other photorefractive ferroelectric
oxides, because it mixes congruently at T~1510°C.** A
typical Ce-doped SBN:61 crystal grown along the ¢ axis is
shown in Fig. 1(a). These crystals exhibit 24 well-defined
natural facets, as illustrated in Fig. 1(b).

Single-crystalline boules with diameter of ~2-3 cm
were grown by the Czochralski method at a rate of ~ 8-10
mm/h.* From these boules, individual samples were cut
and optically polished with rectangular faces ~2-7mmona
side. The samples were electrically poled into a single ferroe-
lectric domain by heating the samples to ~10-15 °C above
the Curie temperature T, applying an electric field of ~ 8-
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10 kV/cm along the ¢ axis of the sample. and slowly cooling
the sample back to room temperature (at a rate of ~ 1°/min
until ~ 20 °C below T ) before removing the electric field.

The optical quality of SBN crystals depends on the puri-
ty of the starting materials and on controlling the growth
temperature to + 0.10 °C while near the solid-liquid inter-
face. In doped SBN, the optical quality is also influenced by
the type of dopant, its location in the crystal structure. and
the oxidizing or reducing atmosphere surrounding the melt.
In our cerium-doped SBN samples. 0.1 wt. % of CeO, was
added to the starting materials. and the crystals were grown
in air (i.e.. an oxidizing atmosphere).

l. COMPARISON OF SBN AND BaTiO,

Table I compares some of the properties of
Sr, Ba, _, Nb.O, and the more familiar photorefractive ma-
terial BaTiO,. Both materials are ferroelectric oxides with
tetragonal symmetry (point group 4mm ) at room tempera-
ture. They also have similar refractive indices and birefrin-
gence. However, there are important differences between
these two materials.

First, BaTiO, has a fixed composition, so that the tem-
perature of its cubic-to-tetragonal phase transition is fixed**
at T, =128 °C. For Sr, Ba, _ . Nb.O,. the Sr-Baratiois vani-
able between 0.2<x<0.8, and the temperature of the cubic-
to-tetragonal phase transition changes approximately lin-
early in x (e.g., T increases from T =57°Catx = 0.75t0
T =247 °C at x = 0.25). By choosing the Sr-Ba ratio so
that the phase transition is slightly above room temperature,
the SBN crystal lattice is highly polarizable in the z direc-
tion, causing the room-temperature dielectric constant €,
and the Pockels coefficients r,, and r,. to become quite large.

A second difference between the two crystals is the pres-
ence of a tetragonal-to-orthorhombic phase transition in
BaTiO, at about 10 °C, which, at room temperature, causes a
softening of a lattice vibrational mode in directions perpen-
dicular to z and produces a marked anisotropy in the dielec-
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FIG 1 Sr . Ba Nh.O, ¢rystals ta) boule of cerium-doped SBN grown
at Rockwell Science Center, + by crystallographic orentations of a few of
the 24 natural facets on a boule of SBN

tric constants of BaTiO, (€,,¢, = 0.04 in BaTiO, compared

2 €./€, =2 in SBN:61). This phase transition is not ob-
served in SBN for temperatures as low as — 150 °C. and so
the electro-optic properties of SBN are less anisotropic.

Third. as a consequence of proximity of the different
phase transitions to room temperature for the two crystals,
the largest Pockels coefficient in SBN is r,, whereas the larg-
est Pockels coefficient in BaTiO, is r,,. This distinction is
important in photorefractive applications, because these co-
efficients dictate the optimal light polarizations and optimal
orientation of the photorefractive grating.

The crystal structures of the two materials also differ.
SBN has an open tungsten-bronze structure with vacant lat-
tice sites, as shown in Fig. 2. The vacant C lattice sites can be
intentionally filled by doping the crystal with impurity
atoms. In contrast, BaTiO, has a complztely filled crystal
structure, so that doping requires substitution. (Of course,
doping by substitution can also occur in SBN.)
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TABLE 1 Comparson of matenals properties for photorefractive
Si Ba, ,Nb.O.and BaT\O,

BuaT:O, SBN(x =0613 SBN(x =075
T, (“C) 128 750 56"
Index n=24% n=233 n =235
(5145 A An= -007 An = - 003 An = - 0.02¢
Diclectrnic €, = 3600* €, = 470"
constant €, =135 €. = 880" €. = 3400*
Electro-optic  r,, = 19.5° r.=47 r.=067
coefficient r,, =97 roo= 238 roo= 13430
(pm/V) ryy = 1640° r,. =42

*Reference 44, p. 452.

" Reference 36.

“ Reference 44, p. 509.

YE. L. Ventunm, E. G. Spencer. P. V. Lenzo. and A. A Ballman. J Appl
Phys. 39, 343 (1968).

°S Ducharme, J. Femnberg. and R. R. Neurgaonkar. to be published in
IEEE J. Quantum Electron.

Finally, the optical absorption spectra of BaTiO. and
the various SBN crystals studied here are qualitatively dif-
ferent. The spectral absorption curves for the SBN samples,
shown in Fig. 3. have been obtained from optical transmis-
sion measurements using a dual-beam spectrophotometer
(Perkin-Elmer model 330). Cerium-doped crystals of SBN
grown with Ce in the 12-fold coordinated site (samples D. E.
and G) are pink in color and they exhibit a broadband extrin-
sic absorption over the range from ~ 0.6 m to the interband
transition (i.e. optical band gap) near 0.4 zm, as shown in
Fig. 3. [ Note that sample D is not included in Fig. 3 because
it was so thin (1.7 mm) that its transmission spectrum was
dominated by surface losses. ] In contrast. when Ce is forced
into the nine-fold coordinated site, as in SBN:61 sample F,
the color is greenish-yellow. The absorption in the visible for
this crystal is higher and it exiends farther into the near
infrared. similar to commercially available™ crystals of
nominally undoped BaTiO.. which typically have absorp-
tion coefficients*? of ~0.5-3.0 cm ™' over this spectral
range. In comparison, the absorption coefficients of the
three nominally undoped SBN:61 samples 4, 8. and C are
substantially lower over the same spectral range (see Fig. 3).

IV. TWO-WAVE MIXING IN SBN: THEORY

The photorefractive properties of SBN can be measured
using two-wave mixing.' As illustrated in Fig. 4. if two co-
herent light beams intersect in a photorefractive crystal,
beam coupling occurs, casing one beam to gain intensity at
the expense of the other beam. Let a “‘pump’’ beam and a
“probe’ beam of the same frequency enter the same face of
the crystal with external angles + @ to the face normal.
These two beams produce a sinusoidal interference pattern
of intensity with a fringe separation A, given by

A, =2m/K =4/2sin6, Q8]

where A is the wavelength of the light in air and X is the
magnitude of the grating wave vector. The interference pat-
tern causes migration of charge inside the crystal. The result-
ing space-charge field produces a photorefractive index grat-
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FIG 3. Spectral dependence of the absorption coefficient @ 1n nominally
undoped SBN 61 (samples A-C ). cennum-doped SBN:61 (samples £ and
F). and cerium-doped SBN 75 (sample G). Note the extrinsic broadband
absorption in the cerium-doped SBN samples. extending from near the in-
terband transition throughout most of the visible spectrum. These spectra
were nearly independent of the light polanization. with the exception of
sample F for which two absorption curves are shown (F, for extraordinary
and £, for ordinary). In samples 4, B. C. E. and G. the band edge of each
ordinary absorption spectrum was shifted ( ~5-10 nm toward shorter
wavelength, compared to the extraordinary absorption spectra shown
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FIG 4. Experimental setup for measuring the two-wave mixing gain cocfhi
cient in SBN for various external crossig angles 2¢ of the opuical beams
The most efficient beam coupling vecurs when the incident beams are polar-
1zed extraordinary and the photorefractine space-charge field 1s paraliel to
the crystal ¢ axis thereby using the largest electro-opuc coefficient r, .. The
neutral den<ity filter (NDF) is used 10 adjust the incident pump/probe
beam intenaty ratio to mimmize the effects of pump depletion and beam
fanning during two-beam coupling. Shutters S, and S. permit the transmt-
ted 1ntensities to be measured both with and without couphng at detectors
D, and D.

ing. which souples the two beams with a two-wave mixing
gain coefficient I (i.e.. an exponential gain per unit length)
defined by

= /LYy>xIntl 12105, (2)

where L is the interaction length. /! (/,) is the transmitted
“probe” beam intensity with (without) coupling. and /:
(/-) is the transmitted “"pump” beam intensity with (with-
out) coupling. By using the transmitted intensities 1n Eq.
2). the absorption and Fresnel reflection losses do not ap-
pear in the expression for I in Eq. (2). Also note thai fur
neghgible pump depletion (1.e.. /! =7.). the two-wave mix-
ing gain coefficient I becomes independent of the pump
beam intensity.
The two-wave mixing gain coefficient I' is related to the
photorefractive index grating amphtude én (defined as one-
half the peak-to-peak value) by'**

I' =47 8nsind/mi cos 6. 3)

where 6, is the half angle between the beams inside the crys-
tal . & is the phase shift between the optical interference pat-
tern and the photorefractive index grating. and m is the mod-
ulation depth of the incident optical interference pattern
{m=21,I./U, + I.)]. The phase shift ¢ is ~=/2 when
the photorefractive process is dominated by diffusion, as it is
in SBN.*® The photorefractive index modulation é# is given
by

én=n'rqE._ /2. 4

E_ is the space-charge electric field and n is the effective

s

refractive index (n=n.n,/\'nl sin" 6, + n; cos* @, with
n, and n, being the extraordinary and ordinary refractive
indices, respectively). For the configuration shown in Fig. 4,
in which the grating wave vector is aligned along the c axis of
the crystal and the optical beams are both extraordinary rays
(while assuming a smal) birefringence An = n_ —n,), the
effective electro-optic coefficient r_, i’

Feg = F3a€OS 0, — ra8in® @, + (An/n, )(ry, = ry3)sin® 6,

(3)
The photorefractive space-charge field E,, is given by
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E.=m(kyT/e)[K/(1 + (K/K,)*)5(K)cos 26,
(6)

where 26, is the internal full crossing angle of the optical
beams and k T /e is the thermal energy per charge. The fac-
tor £(K) takes into account competition between holes and
electrons.*’**

An important parameter in Eq. (6) is the inverse Debye
screening length K|,

o =N g/ €6k T, (7)

which depends on the effective density of photorefractive
charge V¢ and the dc dielectric constant €€, along the direc-
tion of the grating wave vector K.

V. TWO-WAVE MIXING IN SBN: EXPERIMENTS

The two-wave mixing gain coefficient I' was measured
in a number of undoped and Ce-doped SBN crystals in an
attemnpt to determine the effective density of photorefractive
charge N and the effective Pockels coefficient rq. As
shown in Fig. 4, the single-longitudinal-mode output from a
cw laser (an argon ion laser or a ring dye laser with R6G
dve) was separated into two beams which intersect in the
SBN sample at an external angle of 26.

Because r,. is the largest electro-optic coefficient in
SBN. the two-wave mixing gain coefficient I is maximized
by choosing extraordinary polarization and aligning the ¢
axis of the crystal parallel to the X vector of the photorefrac-
tive grating (i.e.. the bisector of the two incident light beams
is aligned perpendicular to the ¢ axis). Unfortunately. this
choice of light polarization and crystal orientation increases
the amount of extraneous light scattered into the direction of
the transmitted probe beam by stimulated scattering and
beam fanning of the pump beam. Nevertheless. because most
photorefractive applications require a large coupling
strength, we chose to measure I using the above geometry.

The transmitted powers of both the weak probe beam
and the strong pump beam were measured with and without
coupling. All of our two-wave mixing experiments were per-
formed with an argon ion laser at 514.5 nm (except for the
expertments in Sec.V C). and with both beams having the
same 1/¢° diameter of 2.95 mm. Using equal-size beams was
advantageous because any pump depletion was easily detect-
ed. (If the pump-beam diameter was much larger than the
probe beam diameter, then a small localized area of the
pump beam could have been severely depleted by the probe
beam without noticeably affecting the pump beam's total
power.) The beam diameters were sufficiently large so that
the interaction length L of the two beams was limited by the
physical length of the sample in all of our experiments (ex-
cept for one data point at 20 = 60° with the dye laser, for
which the effective interaction length was computed from
the beam diameters). The pump/probe intensity ratio was
adjusted in the range of 10°-~10*. This range was a compro-
mise that would minimize pump depletion yet insure that the
amplified probe was much more intense than the back-
ground scattered light from beam fanning of the pump beam.

A. Intensity dependent two-wave mixing
Figure 5 shows the dependence of the steady-state two-
wave mixing gain coefficient I on total optical intensity for a
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FIG. 5. The measured two-wave mixing gain I L vs incident optical intensi-
ty of the pump beam in nominally undoped SBN:6] sample C for beam
crossing angles 26 = 3.2°(0), 7.8°(A). 10.0°(2). 12.6°(Q), 165( 7).
21.5°(W).34.7°(A). 42.5° (D). and 60.0° (@) For low-intensity levels. the
two-beam coupling efficiency is decreased from its high-intensity value due
to the nonzero dark erasure rate of the crystal.

number of different beam crossing angles in nominally un-
doped SBN sample C. The gain coefficient [ saturates at
large optical power, and is reduced at small optical power by
the finite dark conductivity [o, =0.7>10 " (Qcm) ']
of this sample. (This dark conductivity was obtained from
transient two-wave mixing measurements. described be-
low.)

B. Optimal grating spacing for two-wave mixing in SBN
Combimng Egs. (11-(6). the gain coefficient I can be
written in the form

I =[4sinB/(1 =B “sin~ )] (cos 2t/ /cos ).
(%)

where 6 is the externa/ half angle and 6. the internal half
angle between the two incident laser beams. { Over the range
of external crossing angles 26 used here (0 < 26 < 60°). the
internal crossing angle 26, was always less than 25° and the
factor (cos 26, /cos 6, ) in Eq. (8) varied by less than 7%
from unity.] In Eq. (8) we have assumed that the hole-elec-
tron competition factor*™** S(K) is constant with X in order
to simplify the data analysis.

Figure 6 shows the measured two-wd4ve mixing gain co-
efficient ' as a function of crossing angle of the optical
beams [or grating spacing. i.e.. see Eq. (1)] in various Ce-
doped and undoped SBN samples at a A = 514.5 nm. The
gain increases linearly with 6 for small crossing angles.
reaching a maximum at 6 =8, ., and then decreases for
larger crossing angles, as predicted by Eq. (8). All data
points were taken at sufficiently large optical intensity such
that the gain was independent of intensity. The solid curves
are abest fit to Eq. (8), and vield values for the parameters 4
and B, which relate to the photorefractive properties as fol-
lows.

The parameter 4 is proportional to the effective Pockels
coefficient 7 4:
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and is determined by ¢, . the crossing angle at which the
gain I' (26 reaches 11~ maximum value.

Comparing the curves for the undoped and doped
SBN:61 samples in Fig. 6, it s apparent that cerium doping
the SBN:61 samples causes an increase in the peak-gain
crossing angle ¢, . According to Eq (10). this indicates
that cerium doping increases the effective density of photor-
efractive charges A;. In addition. the slope of each curve
near the origin is related to the product r,S(K) [see Eq.
(9)]. The initial slope of the SBN: 75 sample is noticeably

larger. as expected. due to its larger electro-optic coefficient.
Note also that electron and hole competition® ** appears to
be important, as seen by the varying product 7.4 £ (K') in the
various samples. The fitted values for 7.« S (K') and N, cor-
responding to each curve in Fig. 6, are listed in Table II. The
fact that cerium doping does not cause a systematic change
in rs&(K) implies that the presence of cerium primarily
alters the photorefractive charge density N4 and not the
competition of electrons and holes.

C. Wavelength dependence of the two-wave mixing
gain in undoped SBN

Figure 7 shows the wavelength dependence of I' vs A, !
for nominally undoped SBN:61 sample C. Here. the solid
curves are the best fit of the data to Eq. (&) with the
(cos 20, /cos ¢,) facior taken to be unity and the beam
crossing angle 26 converted to inverse grating spacing A,
via Eq. (1). The gain of the nominally undoped SBN in-
creases at shorter wavelengths and approaches that of ceri-
um-doped SBN, indicating an increase in the effective num-
ber of photorefractive charges N, in this sample at short
wavelengths. Figure 8 compares the wavelength dependence
of the effective number of photorefractive charges N, with
the absorption coefficient a for SBN sample C over the visi-
ble wavelength range. In this SBN sample, N4 is approxi-
mately a linearly decreasing function of wavelength:

Ne=[—-00139»7(nm) +84] 10" cm ™"

In contrast, the wavelength dependence of A, in BaTiO;
was ~ /4 "7 in one sample” and N, was the same at 457.9
and 514.5 nm in another sample ™

D. Sign of the effective photorefractive charge carriers
in SBN

The sign of the dominant photorefractive charge carrier
in SBN was determined by comparing the direction of two-
beam coupling to the direction of the positive ¢ axis of the
crystal. The c-axis direction was verified experimentally,
subsequent to poling. by observing the sign of a compression-
ally induced piezoelectric voltage. Comparing this piezoe-
lectric voltage to the direction of beam coupling in each SBN
sample indicated that the sign of the dominant photorefrac-

TABLE |1 Idenufication {note that these same 1D’ are used in Figs. 3. 6, and 9}. composition x, dopant. and thickness L for seven samples of
Sr,Ba, ,Nb.O. The charactenzation parameters, including the effective photorefractive charge density V4. the product of the effective electro-optic
coefficient .4 and the hole/electron competition factor S(K ), the graung formation rate per unit intensity, the dark conductivity 0. the mobility /recombin-
ation-time product g7, . and the diffusion length L, were obtained from the data in Figs 6 and J at 4 = $14.5 nm using Eqs (9)-(12)

x L N x10') ree (K) Rate/1nt o, (> 10 ") uTR (X107 L,
ID (%) Dop (mm) (em ") (pm/V) (cm*/W's) (Stem) ! (em*/V) (A)
A 61 s Q7 170 027 0.92 42 330
B 61 7.1 1.3 90 017 2.65 1.2 170
C 61 ss 1.1 120 035 060 So 380
D 61 Ce 17 25 150 1.85 0.30 s 300
E 61 Ce 4.2 34 120 1.0 023 29 270
F 6! Ce 49 18 210 1.67 0.20 24 250
G 75 Ce 60 09 280 010 0.14 1.7 210
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FIG. 7. The wavelength dependence of the two-wave mixing gain coeffi-
cient T vs inverse grating spacing A, ' in nomnally undoped SBN:61 sam-
ple C. More impurity states become accessible at shorter optical wave-
lengths. contnbuting to a large photorefractive coupling efficiency.

tive charge carrier 1s negative in all of the SBN samples ex-
amined thus far, so that the direction of two-wave mixing
gain (and the direction of beam fanning) is toward the posi-
tive poling electrode ¢ face, in contrast to commercially
available™ BaTiO,.

E. Photorefractive response time of SBN

The photorefractive response time of SBN was deter-
mined by measuring the rate of grating formation as a func-
tron of the total opucal intensity incident on the crystal. Tra-
ditionally. one studies grating erasure” = rather than
grating formation. since the former has a simnle exponenrial
time dependence while the latter does not.’” However, the
grating formation rates are of more practical importance,
and here they are arbitrarily defined to be the inverse of the
time for the amplified beam in two-wave mixing to reach
(1 — e~ ") of its steady-state value.

In general. the grating formation rate in SBN increased
sublinearly with intensity. Figure 9 shows the measured
grating formation rate at S14.5 nm in seven different SBN
crystals over the intensity range of ~ 1-15 W/cm*. Over this

28— T T

~
o

w
TYTYY ST YTy pTYYT ey

siem )

Nyyin 106 con
(=]

[=]
w

450
s tnmy

FIG 8 Comparison of the spectral dependence of the effective photorefrac-
tive charge density V., (left) and the absorption coefficient @ (right) in
nominally undoped SBN 61 sample C. The straight hine 1s a hnear least-
square it to NV, ve 4
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limited intensity range, the rate was approximately linear
with an intensity of 1 W/cm® producing a photorefractive
grating in ~1 s. Note that cerium doping in SBN:61 in-
creases the grating formation rate per unit intensity (slope of
the lines in Fig. 9) by a factor of ~5.

The data in Fig. 9 can be used to compute the dark con-
ductivity o, and the product of the mobility u and recombin-
ation time 7. With no externally applied electric field, and
in the limit that the grating spacing is much greater than the
diffusion length™ (i.e., A} »>4murgk,T /e), the photore-
fractive time response 7,5 is given by the inverse of the di-
electric relaxation rate'*° and can be written as

(rpr) ' =4m(0, + eAaurr1/hc) /€. (11)

where (Ac/A) is the photon energy. Furthermore, the effec-
tive mean-free path or diffusion length L, of the photore-
fractive charge carrier can simply be estimated as *'

L,y= urgkgT/e. (12)
The fitted values for o, and (ur,) are obtained from the
intercept and slope, respectively, of each iine in Fig. 9 for
every SBN sample. These values. along with the correspond-
ing L. are listed in Table I1. Note that the values obtained
for (urg) are self-consistent with the assumption™ A,
»27L ;. Cerium doping of SBN:61 increases the rate of re-
sponse and reduces the dark conductivity. The cerium-
doped SBN:75 sample also shows a reduced dark conductiv-
ity, although this crystal’s overall response is relatively slow
compared to SBN:61 due to the increase of it dielectric con-
stant €.

In a direct comparison between SBN and BaTiO,. we
found that the erasure and formation rares of a BaTiO, crys-
tal obtained from Sanders™" were a factor of 2 faster than the
corresponding rates in the undoped SBN sample C. and were
appreximately one-third of the rates of the Ce-doped SBN
sample D.

V1. CONCLUSIONS

In summary. Sr.Ba, _ ,Nb.O.(SBN) can be grown
with sufficient size. optical quality. and extrinsic dopants to
be suitable for photorefractive applications. Small signal
two-wave mixing gains (e't) exceeding 1000 have been ob-
served in both nominally undoped SBN and cerium-doped
SBN. The nominally undoped SBN:61 has an effective pho-
torefractive charge density of ~ 1x 10'°cm ~* and a photo-
refractive grating formation rate per unit intensity of ~0.3
cm*/W s over the intensity range of ~ I-15 W/cm* at 514.5
nm. Cerium doping SBN:61 increases the charge density by
afactor of ~ 3 and increases the formation rate by a factor of
~5

SBN potentially exhibits a greater flexibility for doping
than other photorefractive materials such as BaTiO,, due to
its open crystal structure containing vacant lattice sites. Cur-
rently. effort is underway to optimize the photorefractive
response of cerium-doped SBN in the infrared by changing
the crystallographic site occupied by the dopant from
twelve- to nine- or sixfold coordination. Although the pho-
torefractive efficiency and formation rate are enhanced by
cerium doping, the identification of the valence states of ceri-

Ewbank eras 379




~—

—— - —

12 T j
t ,-
5
10l -
b ;
- 0 4
¢ 8= ~t
K r -
-
O 1
& 6- <
2 "
& - Y
~ - B
§ 4r —
- b
g -
< -
2~ -
]
o g
(4] Y 10 18
INTENSITY (W cm?
FIG. 9 Therate ofpn. i U STatir ot L AT TWOSWAY e MmN -

ing in nominalis undopes SBN o] sumples 4-C. cenium-doped SBN ©)
samples D-F and cerium-doped SBN 75 samiple G as a funcuon of inciden:
mtensity. for A = 2153 Somand A = 2 am Cenium doping enhances the

phatorefractive tormation rats

um {e.g.. Ce ™ " or Ce ™) and their role in the photorefrac-
tive process remains to be determined.
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The first observation of self-pumped
phase conjugatior usirg total internal
reflection in cerium doped strontiun
barium niobate was described earlier for
442nm radiation [1]. We repcort here or n
expansion of the frequency range froo
458nm to 633nm which includes seven argon
laser 1lines and one helium neon laser
line. The self-puzped phase conjugate
reflectivities fcr miliiwatt beams at near
normal incidence tc the crystalline c-axis
have beern measured. Eased on these
measurements the icportance of linear
absorption in the operational bandwidth of
the phase conjugate mirror is discussed.
Applications include low power optical
storage devices ard optical diodes.

INTRODUCTION

Self-pumped phase conjugation using
total 4internal reflection was first ob-
served 1in a crystal of BaTiO, [2] and
later in strontium barium niobate
(SBN) [1) and barium strontium potassium
sodium niobate (BSKNN) ([3]. These self-
pumped phase conjugate mirrors (SPPCMs)
are completely self-contained and require
no exterpal mirrora, pumping beams, or
applied electric fields. In addition,
such devices are self-starting, self-
aligning and require only milliwatt
incident beams to produce a phase con-
jugate.

In a SPPCM the phase conjugate bearn
i1s produced by four-wave mixing. However,
the two pumping beacs that are normally
required for four-wave mixing are self-
generated within the —c¢rystal from the
incident beam itself via bear fanning [4].
Light that 1is asycmetrically defocused by
way of the photorefractive effect is
internally reflected from faces adjacent
to an edge of the crystal thereby forming
a two-way lcop as showrn ir Figure 1. This
retroreflection of light from the incidert
bear within the crystal produces the pump
beacs and leads to the self-alignment and
self-starting of the phase conjugate
mirror.

FIGURE 1 Self-pumping corner 1lo0p in a
6mm crystal cube of Ce-doped
SBN:60.




The ferroelectric crystal TABLE {

B0SatdhpZohse structural family and has PHOTOREFRACTIVE PROPERTIES OF
recelived considerapble attention recently TUNGSTEN BRONZE SBN:60 CRYSTALS
due to 1its attractiveness for electro- .
optic, photorefractive, pyroelectric and ] SBN:80- SBN:90-
millimeter wave applications [5,6,7]. The PROPERTY SeN:® 0.06% Ce 0.1% Cs l
first use of SBN:60 as an efficient DIELECTRIC CONSTANT €. -4 . P
photorefractive four-wave mixing wmedium £ = %00 £n = 1000 £5=1100
i resulted in phase conjugate reflectivities ELECTRO-OPTIC COEFICIENT
! exceeding unity in an undoped crystal [8]. %102 m/v 1 = 420 153420 12420
. This was quickly followed by a demonstra- Te (G2 ™ TS ”
) tion of passive phase conjugation in PHOTOREFRACTIVE SENSITIVITY | 35 x10* | 85x10° | 6510
! undoped SBN:60 based on a self-induced (et
oscillation in an optical ring cavity [9]. RESPONSE TIME (ms) 1000 LY 80
‘ The observation of a SPPCM inm SBN:60 GROWTH TEMPERATURE (C°) 1500 1490 1485
crystals has ielded phase conjugate
reflectivities oyf 60% in undoped SBN:60 GROWTH DIRECTION oon o foom
» and 30% in Ce-doped SBN:60 at Y442nm. COLOR OF CRYSTAL PALECREAH PINK PINK
These materials have recently been
' discussed [1] for applications as optical
. beam deamplifiers [10].
: These large optical-quality crystals
In this paper we report on an of both Ce-doped and undoped SBN:60 have
expansion of the wavelength range for Ce- been grown by suppressing the problems
doped SBN:60 as a SPPCM and discuss the associated with coring and striation. To
igportance of linear absorption on date, attempts to suppress striations in
‘: measured values of the reflectivity. Fe-doped SBN:60 have been unsucce:]s+sfu1.
In the tungsten-bronze structure, Ce and
i GROWTHE OF DOPED SBN:60 SINGLE CRYSTALS Cett are expected to occupy 9 and 12-fold

) ) sites, while Fe?® and Fe3* ions are
A comprehensive review of the status expected to occupy 6-fold coordinated

of the growth and applications of the sites, This suggests that the existence
. tungsten-btronze family vcrystals. with of striations in SBN:60 crystals depends
; ecphasis cr the Sr, . Ba.,Nb,04 solid solu- strongly on the type of dopant and its
| tion system, car be found 1n the paper and location in the structure [11]. Table I

Eefer;ances gherein by N‘eurgaor;kir tglf‘d summarizes the growth conditions and the
ory [ 11]. f particular interes n is physical properties of Ce-doped and

class ?t‘ materials is S‘BN:6O since it is undoped SBN:60 crystals which were cut

the only congruent melting composition in into approximately 6x6x6m cubes,
rqn

the SrNb,0.- BaNb,0, system [12]. Concen- optically polished, and poled to a single

trated crystal growth efforts on this domair for prhotorefractive and SPPCM
compcesition has resuited in good optical

studies.
quality doped and undoped crystals.
Boules as large as 2 to 2.5 c¢m in dlameter
are now routinely grown.
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EXPERIMENT

The experimental apparatus used for
the self-pumped phase conjugate reflecti-
vity measurements is shown 1in Figure 2.
Phase conjugate reflectivities were
measured at 442nm (He/Cd), seven argon-ion
laser lines from 458nm to 515nm, and at
632.8nm (He/Ne). When the He/Cd and He/Ne
lasers were used the beams were inserted
directly into the polarization rotator.
All beams were incident on the crystal
unfocused and polarized extraordinary to
take advantage of the large
ry, (=420 x 10712 o/V) electro-optic
coefficient in SBN:60. The aperture
directly in front of the crystal was
intended to verify that the beams were
ircident at the same point on the front

face and at the same angle. The laser
output powers ranged from O0.2mW at 472nm
to 15mW at 488ncx. Bear diameters at the

'/e- points of the peak-on-axis intensity
ranged frcc 1.05mc to 2.2mm.

Extraordinary polarized light was
used to write gratings while ordinary
polarized light was used tc erase the
gratings. Although detailed data is not
yet availatble, we have observed dark-
storage times for gratings in Ce-doped
SEN:60 ir excess of four days. The
beacrsplitter was used to extract a cali-
bratec fracticn of the phase conjugate

intensity. Botk the irnput and the output
{ntensities were zotitored using an
optical =rmulti-charrne. arnalyzer (CMAL) or
photccdicdes. Tre CMA was vparticularly

usefu; ir B8illcw.rg cecpariscrs  cf peak

y :
iy ¢
. SEXX!
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FIGURE 3 A comparison of spatial bear
profiles to verify phase
conjugation. Relative peak
intensities are arbitrary.

intensities, beaz shape, and testing for
phase corjugation. For exacple, wher ar
irput Gaussian bear was propagated through
a phase aberrator, the aberrated, input
and phase conjugated bears cculcd be
observed on the OMA (Figure 3. This made
it possible to verify that the distortiorn
introduced by the aterrator was 1ndeed
reversed via phase ccrnjugeticn by the
SPPCM. All values ¢f trhe [frase conjugate
reflectivity are for steady state ancd are
showr ir Figure 4 as a furncticn of

»

42c 457 500

§50 60C 650

WAVELENGTH (nm)

FIGURE 4 The pnase conjugate reflectivity
of the Ce-doped SBN:60 self-
pumped phase conjugate mirror as
a function of wavelength.
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The wavelength dependence of the
absorption coefficient for ordinary polar-
ized light in our C(Ce-doped SBN:60 sample
is shown irn Figure 5, The limits of the
wavelength regicn used ir the SPPCM study
of the Ce-doped material 1s indicated by
the tick marks which correspcnd to 442nm
and 632.8nc. The tetal transmission of
the sample {~ Smmx thick) changed approx-
imately 47% .r this wavelerngth range due
t¢ the introducticen of cerium ions into
tre SBN:€C crystal lattice.
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RESULTS AND DISCUSSION

In order to grin an undersatanding of
the importance of such strong absorption
on the phase conjugate reflectivity in
these doped samples a pumping geometry was
selected to minimize changes in the beanm
coupling strength. In particular, we
selected the near normal pumping geometry
as shown in Figure 6 which served to fix
the two pump beams within the crystal at
angles a}=90° and u:=80° with respect
to the crystal c-axis. This pumping
geometry approximately corresponds to the

optimized value of the coupling coeffi-
cient in SBN:60 [1]. Under these
conditions we can write the coupling
coefficient vy , as [2],[13]):
o Tefg E
* T e cos vy - 1-}/2
where the electric field is:
. ka K
P s —
S
and KT oNgT, L ow ik NESTR is the

available for
originate from

number density of" charges
grating formation which
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traps of unknown depth and which decrease
with increasing waveleagth, . = :rc/ni is
the optical frequency, n=n(1) is the
refractive index which is i -dependent due
to the strong absorption in the region of
interest, k,T/q is the thermal energy per
charge, ecc, is the dielectric constant in
the grating direction, and
k = 2(n./¢c)sinfz: - a:)/2} is the magnitude
of the grating wave vector K. SBN:60
belongs to the 4mm symmetry point group so
that for extraordinary rays | is given
by [13],014]:

a2 Tr.o.sina:sina;isiny(az + a:)/2;
e 33

Note thrhat is a cozplilicated function of
., explicitly through . and dmplicitly
through N(:) and n(,). Using the near
constancy of (a.-2x) and putting only the
explicit wavelength dependence occurring

through “ in these expressions we carn
write ~ as:

A

Kz ) .

——— r.‘ 1%
In Figure 7, trhe explicit wavelength

dependence of the ccupling coefficient at
norepel incidence for Ce-doped SBN:60 is

giver by the sclid curve, When the
irplicit « ~dependence of both the
dispersior ir the index of refracticn [158]
and the <charge carrier density N::'@ 1s

SC.

ac.

3c-

COUPLING COEFFICIFNT vimm °)

also considered, the coupling coefficient
is given by the dashed curve. Here we
bave assumed a 1/:° dependence on N [13].
This 48 a reasonable assumption since our
data was taken on the high wavelength side
of the impurity-related absorption
profile [16]. It should be noted that the
strong wavelength dependence of Y()) 1is
not evident in the measured phase
conjugate reflectivity data of Figure 4.

On the contrary, the phase conjugate
reflectivity is seen to increase with
until at least a value of 515nm. We

suggest that the effects of linear absorp-
tion 1in the wavelength region of our
measurenents is responsible for this
surrtrising bekavior. cr course, the
refiectivity must eventually fall to zero
due to its threshold behavior as a
function of the coupling strength,
yi [17].

As can be seen in the absorption
coefficient data, shown ir Figure 5, the
intensity loss by a pumping beam as it
reflects from one interaction region into
the other (Figure 1) is also  heavily
dependent on wavelength. As first pointed
out in a paper by MacDonald and
Feinberg [17], the rather 1large coupling
losses will substantially diminish the
reflectivity of the SPPCM. As a result,
the reflectivity is predicted to decrease
with increasing wavelength, due to the
decrease in the coupling coefficient (.,
but simultaneously predicted tc increase
due to the lower coupling loss. These twc
opposing effects lead to the data in
Figure 4. In this case, therefore,
absorption plays a significant role ir
determining the reflectivity cf SBN as a
self-punped phase ccnjugate pirrcr,

WAVELENGTH (nm)

FIGURE 7 The steady-state coupling
strength per unit length as a
function of wavelength.
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action Regions,"™ J. Opt. Soc. Am.,
Vol. 73, pp. 5u48-553, 1983,




’ ' Rockwell International

Science Center SC5441.FTR

BROADBAND PHOTOREFRACTIVE PROPERTIES AND SELF-PUMPED PHASE
CONIJUGATION IN Ce-DOPED SBN:60

150
C9976TA/jbs




1-Qt

Broadband Photorefractive Properties and Self-Pumped

Phase Conjugation in Ce-SBN: 60

Gary L. Wood
William W, Clark 1
Mary J. Miller
Edward J. Sharp
Gregory J. Salamo

Ratnakar R. Neurgaonkar

Reprinted from
IEEE JOURNAL OF QUANTUM ELECTRONICS
Vol. QE-23, No. 12, December 1877

K

——

12 171Ky




~ —

2126 IEEE JOURNAL OF QU ANTUM ELECTRONICS Voo QF 2% Nv 12 DECEMBER 1987

Broadband Photorefractive Properties and Self-
Pumped Phase Conjugation in Ce-SBN: 60

GARY L. WOOD. WILLIAM W. CLARK IiI, MARY J. MILLER. memser, 1ece, EDWARD J. SHARP,
GREGORY J. SALAMO, ano RATNAKAR R. NEURGAONKAR

Abstract—The first use of cerium-doped Srp (Bag [Nb,O, as a broad-
band self-pumped phase-conjugate mirror using interna) reflection is
reported. The phase-conjugate reflectivity at normal incidence ranged
from two percent at 442 nm to se*en percent at 515 nm and was zero
at 633 nm. The electron-hole competition was found to be significant
and had a wavelength dependence in one sample but not the other. The
charge carrier density was ~7 x 10" ¢m~* and was wavelength in-
dependent. The absorption coefficient ranged from 2 cm™' at the
shorter the wavelengths to zero at longer wavelengths. The dispersion
in the indexes of refraction was measured and the birefringence was
~0.036. The sign of the dominant charge carriers was determined to
be negative and the sign of the electrooptic coefficient, ry,, was positive.
Using the above values, 3 wavelength dependent coupling coefficient
has been determined. The experimental results indicate that the phase-
conjugate reflectivity decreases at shorter wavelengths due to increased
sbsorptive losses and experiences a threshold effect at longer wave-
lengths.

INTRODUCTION

HE ferroelectric crystal Sry(Bay 4JNb.O, (SBN:60)
belongs to the tungsten-bronze structural family and

has received considerable attention recently due to its at-
tractiveness for electrooptic, photorefractive, pyroelec-
tric, and millimeter wave applications [1]-[3]. It was
shown to be an efficient two-beam mixing material by
Megumi er al. [4] after the introduction of Ce-ions as im-
purity dopants. The first use of undoped SBN:60 as a
photorefractive four-wave mixing medium employed ex-
ternal pumping beams and resulted in phase-conjugate re-
flectivities exceeding unity [5]. This was quickly fol-
lowed by a demonstration of passive phase conjugation in
undoped SBN : 60 based on self-induced oscillation in an
optical ring cavity [6]. The first use of SBN :60 as a self-
pumped phase-conjugate mirror (SPPCM) requiring no
external mirrors or pumping beams, yielded phase-con-
jugate reflectivities of 60 percent in undoped crystals and
30 percent in Ce-doped crystals at 442 nm [7]. To date
only three crystals have demonstrated self-pumped phase
conjugation: BaTiO; [8], SBN [7], [9]. and BSKNN [10]).
In this paper, we present our experimental data char-
acterizing Ce-doped SBN : 60 as a broadband photorefrac-

Manuscnpt received March 9, 1987; revised June 12, 1987,

G L. Wood. W. W. Clark 111. M. J. Miller, and E. J. Sharp are with
the Center for Night Vision and Electro-Ogptics. Fort Belvoir. VA 22060

G. ). Salamo 1s with the Department of Physics, University of Arkansas,
Fayetteville, AR 72701

R. R Neurgaonkar 1s with the Rockwell Intemational Science Center,
Thousand Oaks. CA 91360

1EEE Log Number 8717189

tive material. Specifically, we demonstrate for the first
time self-pumped phase conjugation in this material over
a broad spectral range in the visible. We have determined
the charge carrier density, the electron-hole competition,
and the gain coupling coefficient through two-beam cou-
pling measurements at 488 nm and 633 nm. In addition,
we have measured the refractive indexes, the absorption
coefficient, and the poling factor. By taking the dispersion
of these measured parameters into account, we provide a
calculation of the wavelength dependence of the coupling
coefficient and explain the relationship of absorption to
self-pumped phase conjugation.

GrOWTH ofF DorPeb SBN :60 SinGLE CRYSTALS

A comprehensive review of the status of the growth and
applications of the tungsten-bronze family crystals, with
emphasis on the Sr, _,Ba,Nb.,O, sohd-solution system,
can be found in the paper and references therein by Neur-
gaonkar and Cory [11]. Of particular interest in this class
of materials is SBN:60 since it is the only congruent
melting composition in the SrNb.O,-BaNb.O, system
(12]. Concentrated crystal growth efforts on this compo-
sition have resulted in good optical-quality doped and un-
doped crystals. Boules as large as 2 to 2.5 ¢m in diameter
are now routinely grown and allow the fabrication of pho-
torefractive crystal cubes approaching 2 cm on a side (see
Fig. 1).

These large optical-quality crystals of both Ce-doped
and undoped SBN:60 have been grown by suppressing
the problems associated with coring and stnation. The ad-
dition of cerium produces a broadband absorption in the
visible which enhances the photorefractive effect consid-
erably in this crystal {4]. [13]. In the tungsten-bronze
structure, Ce** and Ce* " ions are expected to occupy 9-
and 12-fold sites, while Fe’* and Fe’* ions are expected
to occupy 6-fold coordinated sites. To date, attempts to
suppress striations in Fe-doped SBN:60 have been un-
successful. This suggests that the existence of striations
in SBN : 60 crystals depends strongly on the type of do-
pant and its location in the structure [11]. Table 1 sum-
marizes the growth conditions and typical physical prop-
erties of Ce-doped and undoped SBN : 60 crystals.

For our photorefractive and SPPCM studies, high op-
tical-quality SBN: 60 samples, both undoped and nomi-
nally-doped with cerium, were cut from different boules,
optically polished. and poled 10 a single domain. In all,

0018-9197/87/1200-21263$01.00 & 1987 IEEE
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CE-DOPED SBN:60 CRYSTAL
b GROWTH DIRECTION, {001]

crystal ¢ aws

TABLE I
PHOTOREFRACTIVE PROPERTIES OF TUNGSTEN-BRONZE SBN 60 CrysTALS
! PROPERTY 1 SBN 60 Ce-SBN 6O .
| DIELECTRIC CONSTANT U 0r=a70® | o= 708 |
I ! €33 =880° (;,_-,:HOOd :
ELECTRO OPTIC COEFFICIENT | ryy=58t r3¥65%
x10-'2 mVv T nyy-224b r33-224%
; T42 =80 14280 '
REFRACTIVE INDEX (514 5nm) | n=2367 | n,=2348
) | ng=2337° ' n,=2310*
| BIREFRINGENCE an=n,~n, ‘ =-003° an= -0 036*
. A 75° : 72° :
PHOTOREFRACTIVE SENSITIVITY 32x10-%° | 6sx10 3%
(Cm/ ) | !
RESPONSE TIME (ma! i 1000° | 80°
GROWTH TEMPERATURE (C%) ; 1500° 1485°
GROWTH DIRECTION ‘ 100119 ! joond |
COLOR OF CRYSTAL | PALE CREAM® ! PINK ¢

*Reference {11)
"Reference [21)
‘Reference [33)
‘Reference [34]
“This paper

measurements were carried out on four different samples.
Crystal #1 was a Ce-doped wedge-shaped sample (23°
apex angle) used to measure the indexes of refraction.
Crystal #2 was an undoped 6 X S X 5 mm sample used
for comparative purposes. Crystals #3 (6.5 mm cube) and
4 (3.5 x 6.5 x 9.0 mm slab) were both cerium-doped
and were used for photorefractive measurements.

ExPERIMENTAL RESuLTS

Material Properties

The total transmission of our Ce-doped and undoped
SBN : 60 samples can be seen in Fig. 2, showing that the
doped SBN: 60 crystals will be particularly sensitive in
the blue-green region due to the introduction of cerium
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le—2.5cm ——’!

Fig 1. A photograph of an as-grown boule of Ce-doped SBN 160. The
long dimension of the boule defines the growth direction {001} and the
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Fig. 2. The transmission spectry of SBN 60 (a) Crystal #2 (undoped).
thickness = 5.0 mm. (b) Crystal #4 (Ce-doped). thickness = 315 mm
(¢) Crystal #3 (Ce-doped). thickness = 6.5 mm.

jons into the 12-fold coordinated sites of the SBN:60
crystal lattice. The wavelength dependence of the absorp-
tion coefficient for ordinary polarized light in crystal #4
is shown in Fig. 3.

The strong absorption in the ultraviolet is mainly re-
sponsible for the dispersion in the index of refraction. The
ordinary and extraordinary indexes of refraction were
measured as a function of wavelength and are shown in
Fig. 4. These values (points) were obtained using the
minimum angle of deviation technique on a poled 23°
wedge of Ce-doped SBN : 60 (crystal #1). The dispersion
relauonships are

ng = onz + Bo)\ + C()

(1)

and
2+ B+ C,
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Fig 3. The absorption coefficient for Ce-doped SBN : 60 as a function of
wavelength (crystal #4)
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Fig 4 Measured refracuve index for Ce-doped SBN 60 as a function of
waselength terystal #1)

where A, = 1.877 x 10°%/nm?, B, = -2.708 X
107°/am, Cy = 3.272. A, = 1.826 x 10°%/nm?*. B, =
~2.608 x 107*/nm. and C, = 3.197. These relation-
ships represent the best fit to the measured data (normal-
1zed mns deviation of fit ~ 0.2 percent). We can estimate
the birefringence from these curves tobe An = (n, — ng)
~ —0.036.

The sign of the largest electrooptic coefficient ry; was
determined to be positive for all samples by use of a cal-
ibrated compensator [14). This fact, coupled with the ob-
servation that extraordinary light fans toward the elec-
trode held positive during poling, gives a negative sign
for the photorefractive charge carriers, as similarly found
in BSKNN [iC]. By comparison, under normal growth
conditions the charge carriers in BaTiQ, are positive and
extraordinary light fans toward the negative poling elec-
trode [14], [15].

Two-Beam Coupling

Steady-state two-beam coupling measurements were
made on crystals #3 and 4 at 488 and 633 nm. The mea-
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surements were made using ordinary polarized light after
the technique described by Ducharme and Feinberg [15).
A beam splitter was used to direct coherent Gaussian
beams through the crystals such that the grating wave vec-
tor, k,, was paraliel 10 the c axis direction. The beam in-
tensities were chosen so that [, << [, and were intro-
duced into the crystal such that the weaker beam, /,,
experienced gain. The two beams were incident in a plane
normal to the crystal at an external crossing angle 26,
where 6 defines the angle between the incident beam and
a normal to the ¢ axis of the crystal. For these conditions
kg = 2(w/c) sin 8. The transmitted intensity of the weak
beam was monitored with and without coupling. I, and
Iy, respectively. Intensity ratios of m = Jo, /lg, = 1/85
for 633 nm and m = 1/106 for 488 nm were used to
permit theoretical modeling [14]. [16]. Under these con-
ditions, the weak beam. /,, experiences an increase in in-
tensity along its direction of propagation given by {17]

L, (0 + m)exp(yLe)
I I+ mexp(yil.g)

(2)

where for small m

L/l ~ exp (L) (3)

In the above equations. L.q is the interaction length and
7y is the two-beam energy-coupling gain coefficient. The
beam crossing angles were selected such that the overlap
region of the input beams extended the enure thickness of
the crystal making L. = 6.5 mm for crystal #3 and 3.5
mm for crystal #4. The coupling coefficient is given by
(15]. 118}, [19]

RInrnkgTk,
1= T
Ancos Bg[1 + (k. /k) ]

(4)

where k§ = g° Noq/kgT €€ kg T/ q is the thermal energy
per charge. e, is the dielectric constant in the grating di-
rection, and Nz = N,(1 — N,/Np) is the effective den-
sity of photorefractive charges. Here. Np is the number
of donor sites and N, is the number of trap sites under
dark conditions and N, > N, The parameter R gives a
measure of the electron-hole competition in the formation
of the space-charge field. The values of R range from —1
to + 1 where + ! indicates no competition and a zero value
indicates equal competition. .y = R.q X Fis an effective
electrooptic coefficient which depends on the polarization
state of the crossing beams, the crystal symmetry and the
fractional poling factor F {18]. SBN:60 belongs to the
4 mm symmetry point group so that for extraordinary rays
R.q is given by

Ry = niry cos’ @ — niriusin’ @ (5)
and for ordinary rays. R.q is given by
Ry = ":)’n- (6)

The fractional poling factor is included in r.q to account
for the 180° domains which could exist if the sample is
not completely poled. The poling factor for crystal #3 was
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measured to be 0.94 [20]. The poling factor for crystal #4
will be assumed to be 1.0.

Our two-beam coupling data was taken with a total in-
put intensity (/y, + /,;) of 15 mW /cm?. The results were
found to be intensity independent above a total input in-
tensity of 1.5 mW /cm”. This indicates that the dark con-
ductivity was small compared to the photoconductivity
over the regime of our measurements; thus R and v were
independent of intensity. In addition, the dark decay time
of thuse crystals was on the order of a few days. which
indicates a dark conductivity of approximately 1 x 107"
(Qcm)™'.

The ratio of /,.//, (ordinary light) was measured as a
function of the external angle 6. The data was taken on a
chan recorder to ensure that a steady state was reached.
The normalized experimental points are shown in the plot
of k,/y versus k; in Fig. 5. By plotting the data in this
way, a straight line fit is obtained from (4). A deviation
from a straight line fit in crystal #4 [Fig. 5(a)] for the
normalized kE > 0.1 indicates a slight dependence of R
on k, which becomes apparent at larger crossing angles.
This dependence was further evidenced by measuring the
coupling at the ~ 180° crossing angle, which yielded a
value of k, /v that was larger than the straight line fit by
a factor of three.

The v-intercept of the fitted lines in Fig. § determines
r.sR and the slope determines N.q. With ordinary light,
r.qR can be written as Rnir i F. If the value of 55 pm/V
is assumed for the r, electrooptic coefficient {21] and the
value of F is as given earlier, then R and N.q can be found.
This procedure gave a value of N4 for crystals #3 and 4
which changed veny little from 488 to 633 nm; N4 ~ 7
+ 0.5 x 10" em™". In crystal #3. R was found to vary
only slightly, from 0.58 at 488 nm to 0.62 at 633 nm.
Crystal #4. by contrast, varied from R = 0.32 at the 488
nm line to R = (0.45 at the 633 nm line. These values
indicate significant electron-hole competition in both
crystals and show that the electron-hole competition can
be wavelength dependent. Using the values of N4 and R
above, ¥ is plotted versus external angle in Fig. 6.

Other samples of SBN. both cerlum-doped and un-
doped, were studied recently by Ewbank er al. [22] and
found to have a smaller N 4 than our crystals. In addition,
N.q was found to vary with wavelength in an undoped
sample. Anather difference involved the dark decay time
which was on the order of seconds for their samples com-
pared to days for ours. The observed differences in these
parameters are related to the dopant concentration which
can be controlled during crystal growth.

Self-Pumped Phase Conjugation

The self-pumped phase-conjugate mirrors (SPPCM’s)
discussed here are completely self-contaired and require
no external mirrors [23], [24], pumping beams [25], or
applied electric fields. In addition, such devices are self-
starting, self-aligning, and require only milliwatt incident
beams to produce a phase-conjugate. In an SPPCM, the
phase-conjugate beam is produced by four-wave mixing.
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However, the two pumping beams that are normally re-
quired for four-wave mixing are self-generated within the
crystal from the incident beam via stimulated scattering
(beam fanning) {26]. Light that is *‘fanned"" via the pho-
torefractive effect is internally reflected from faces adja-
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Fig 7. A photograph of a Ce-doped SBN : 60 crysta! taken while the crys-
tal was seif-pumping The c-axis of the crystal is directed from the bot-
tom 1o the top of the photograph and the extraordinary polanzed beam
at 442 nm is propagaung from night to left. entering the crystal with a
positive angle of incidence. That 1. the incident beam was heading 1n
the general direction of the top ieft corner and then cuned down to the
bottom left comer of the vnystal

cent to an edge of the crystal thereby forming a two-way
comer loop [8]. This retroreflection of light within the
crystal provides feedback for the four-wave mixing pro-
cess leading to the self-alignment and celf-starting of the
phase-conjugate mirror. Fig. 7 is a photograph showing
the top view of a Ce-doped SBN:60 crystal while the
crvstal is self-pumping in the steady state for an incident
beam angle of 50°. The crystal is in air and is being
pumped with the 442 nm line of a HeCd laser [7]. The
illuminated front face of the crystal is due to imperfec-
tions in the polished surface.

The experimental apparatus used for the self-pumped
phase-conjugate reflectivity measurements is shown in
Fig. 8. Phase-conjugate reflectivities were measured at
seven argon-ion laser lines; 458. 465. 477, 488, 497, 502,
and 515 nm; at 442 (HeCd) and at 633 nm (HeNe). The
laser output intensities ranged from ~ 50 mW /em® o |
W /cm’. Beam diameters at the 1 /¢’ points of the peak-
on-axis intensity ranged from 1.05 to 2.2 mm. The co-
herence length of these multilongitudinal mode lasers was
on the order of a few centimeters.

When the HeCd and HeNe lasers were employed, the
prism shown in Fig. 8 was not used. All beams were un-
focused, at normal incidence. and polarized extraordinary
to take advantags of the ry; electrooptic coefficient {21}
( ~224 pm/V). The aperture directly in front of the crys-
tal was used to ensure that the beams were incident at the
same point on the front face. After a measurement, ordi-
nary polarized light was used to erase the gratings. Era-
sure was necessary because of the long dark decay times.
The beam splitter was used to extract a measured fraction
of the phase-conjugate intensity. Both the input and the
output intensities were monitored using photodiodes or an
optical multichannel analyzer (OMA).

The OMA was particularly useful in allowing compar-
isons of pecak intensities, beam shape, and testing for
phase conjugation. Phase conjugation was demonstrated
by allowing an input Gaussian beam to propagate through
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a phase aberrator. The spatial beam profiles of the aber-
rated. input, and phase-conjugated beams were recorded
with the OMA at the positions shown in Fig. 8. Fig. 9
shows a comparison of these spatial beam profiles which
verify that the phase distortion introduced by the aberrator
was indeed reversed via phase conjugation by the SPPCM.

The self-pumped phase-conjugate reflectivity data taken
on crystal #3 is shown in Fig. 10. These reflectivity val-
ues would be larger if Fresnel reflection losses were elim-
inated. Note that the value at 497 nm does not fit the gen-
eral upward trend at shorter wavelengths. This is presently
unexplained but a similar result was also noted by Jahoda
et al. [27] in BaTiO, around 615 nm. Our data was re-
corded with the pumping geometry as shown in Fig. 11.
This pumping geometry served to fix the two pump beams
within the crystal at angles o, = 90° and a, = 72° %
5°¢ with respect to the crystal ¢ axis, as measured from
photographs. The beam entercd the crystal at normal in-
cidence ~2 mm from the edge indicated. A beam fan
would appear and subsequently collapse into two strong
beams bent into the corner, as shown in Fig. 7. The ap-
pearance of the phase conjugate coincided with the col-
lapse of the beam fan. The time response for the forma-
tion of the phase conjugate is intensity dependent and two
to three orders of magnitude longer than that of beam fan-
ning [7], [28]. The HeNe line at 633 nm would not seti-
pump with this geometry. although it fanned consider-
ably. The beam had to be sent directly into the comer at
a minimum angle of 3° (the data point in Fig. 10 was
recorded at this angle). It should be noted that the opti-
mum reflectivities for these wavelengths were observed
with different pumping geometries, in particular, at larger
angles [7}.

DiscussioN

The pumping geometry of Fig. 11 approximately cor-
responds to the optimized value of the coupling coefhicient
in SBN: 60 as seen in Fig. 12; where we show the com-
plete angular dependence of the coupling coefficient for
Ce-doped SBN : 60 at 488 nm. Note that a; was fixed by
the incident angle (90°) and «, was free to form at which-
ever angle corresponded to the maximum value of the
coupling coefficient. The coupling coefficient is given by
(8], [29]

wregE ™)
-y =
2nc cos [(a; — a3)/2]
where the electric field is
kp Tk, cos(a; — a>
£ = L (4 ( 1 -) (8)

g 1+ (k/k)

w = 2xc/A, \ is the vacuum wavelength. n = n(\) is
the refractive index which is wavelength dependent in the
region of interest, and k, = 2(nw/c) X sin [(a, -
ay)/2] is the magnitude of the grating wave vector. ry
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= R.g X Fand R.q4 is given as
s 3 s
Reff = [’10"]3 COsS () COS x> + 2";’16"_3:

. COSZ {(Ql + CX:)/Z} + n:r;; sin o,

“sin as ] sin {(a) + ay)/2} (9)
for extraordinary light and
R = ngryy sin {(01 + ‘1:)/2} (10)

for ordinary light. It should be noted that this y, which
relates electric-field amplitudes. is cne half the valve of
the v denoted in (4) for the two-beam coupling. which
related beam intensities.
The wavelength dependence of the coupling coefficient
can be written as
vy =
R(N) 47 kg Tro(N) sin [(a; = a;)/2] cos (o) = a3)
gN cos [(a) — a;)/2] [1 + (4wn(N)

Ssin [(an = a2)/2] /N ko(N))] (11)

where all the wavelength dependent terms have been de-
noted. We assume that the electrooptic coefficients, r;.
rsy. and ry,, are wavelength independent over the visible
spectrum and, hence, the wavelength dependence of rg
is solely due to the dispersion in the indexes of refraction.
v is plotted, in Fig. 13, as a function of wavelength for
steady-state coupling for beams at normal incidence. For
these curves, a constant value for N.g was used as deter-
mined from two-beam coupling experiments done on
crystals #3 and 4. This wavelength independent behavior
for N.s is in agreement with the single species model of
Kukhtarev er al. {30] in the region of Ny, > N,. The data
for Fig. 13 was extracted from curves similar to those in
Fig. 12, where we used the maximum of the a; = 90°
curves (steady-state coupling) for each wavelength. In
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Fig 12 Piot of the coupling constant y versus a, for various a, (as de-
fined in Fig 11) for 488 nm extraordinary polanzed light. These curves
are based on a measured effective number density of photorefractive
charges N,s = 7 x 10'® ¢cm "’ and the assumption that there is no ele.
tron-hole competition in the formation of the space-charge field, i.e. . R
= 1. The other parameters used in this computation are: the poling factor
F = 1, the dielectnc constants ¢, = 400 and ¢, = 1100, the index of
refraction n, = 2 40 and n, = 2.36. and the electrooptic coefficients
from Table 1. 7,y = SS x 10 2 V/m,r,; = 80 x 10 " V/m, and ry,
=224 x 1077 V/m.

curve a, R and n are held constant, thus only the explicit
1/M-dependence is evident. Curves b and ¢ show the de-
pendence of y on A when the measured dispersion in the
index of refraction is included but R is held constant. In
curve b, R = | and in curve ¢, R = 0.5. In curves d and
e. the dispersion in the index of refraction, as well as a

(mm™}

Y

[¢] 1 oy 1 " 1 N 1 J
400 500 600 700

WAVELENGTH  {nm)

Fig. 13. Computed coupling coefhicient at norma! incidence. Each curve
uses the material parameters of Fig 12, except for R and n. Curve @ R
=1,n,=240.n =236 Cuneb: R=1.n=n(MN).Cunec:R =
05.n=n(\) Cunved R = R(A).n = n(\)incrystal #3. Curve e:
R = R()).n = n(X\)ncrystal #4_ For curve d, the poling factor used
was 0.94. For curves d and e. R was assumed to have a linear wavelength
dependence through measured points

linear relationship for the competition factor are consid-
ered; thus, these curves represent the complete wave-
length dependence for crystals #3 and 4. In crystal #4 the
implicit wavelength dependence almost exactly cancels
the explicit wavelength dependence yielding a nearly con-
stant coupling coefficient.

At present, there are several possible mechanisms that




o an . .

WOOD er ol PHOTOREFRACTIVE PRUPERTIES & PHASF CONUGATION IN (o SBN ~ 2133

3

L0 ("HASE-CONJUGATE REFLECTIVITY)

o] 02 04 06 08 10 12 14 16 18 20

a{cm™)

Fig. 14. The natural loganthm of the phase-conjugate reflectivity versus
absorption coefficient. The points suggest a Beer's law relationship. R,
= Rye ™. where Ry = 0.1l and{ = 1 Ocm.

can lead to self-pumped phase-conjugation. In particular,
there exists a resonator model [(31], [32] and a four-wave
mixing, two-interaction region model [29]. In the reso-
nator model. the magnitude of the phase-conjugate reflec-
uvity should be adversely affected if the crystal surfaces
which do not form the ioop are painted. Another feature
of this model is that the phase-conjugate beam should be
frequency shifted relative to the input beam. These effects
were not observed in any of cur SPPCM's. The other
model, with two-interaction regions. contains a loss fac-
tor L, which is the fraction of intensity lost by the pump-
ing beam as it propagates from one interaction region to
the other. A loss factor greater than 60 percent is required
to fit our experimental data. However. if we assume that
L 1s a constant as a function of wavelength, then this
model predicts that the phase-conjugate reflectivity will
vary as the coupling coefficient which, for crystal #3, de-
creased with wavelength. As seen in Fig. 10, the mea-
sured phase-conjugate reflectivity generally increased with
wavelength up to A = 515 nm for the pumping geometry
of Fig. 11. Therefore. neither the two-interaction region
model nor the resonator model is appropriate for our re-
sults in the blue-green spectral region.

As seen in Fig. 3, absorption is significant in Ce-doped
SBN: 60 from 442 to 515 nm. Therefore, it is possible
that absorption is a contributing factor to the phase-con-
Jugate reflectivity in this region. Fig. 14, a plot of the
natural log of the reflectivity versus absorption, supports
this idea. The data suggest a straight line. This would im-
ply a simple Beer's law relationship (R, = R, X e
with an effective length, [ = ~ 1.0 cm, and an absorption-
independent reflectivity value, R, = ~ 11 percent. This
length is consistent with the crystal dimensions (6.5 mm
cube). The two-interaction region model may have failed
in this spectral region because it neglects absorption.

On the other hand, as the wavelength is increased to
633 nm, the reflectivity drops to zero for the geometry of
Fig. 10. This would suggest a threshold somewhere be-
tween 515 and 633 nm. This behavior cannot be explained
by absorption which decreases in this spectral region to

nearly zero. In addition, the effective charge carrier den-
sity and the electron-hole competition remain fairly con-
stant as indicated by the two-beam coupling measure-
ments. Notice, however, the coupling coefficient (Fig. 13,
curve d) decreases in this spectral region due to the ex-
plicit wavelength dependence and the dispersion in the
index of refraction.

The two-interaction region model may be appropriate
here because of the low absorption. This model predicts
a threshold behavior dependent on the coupling coeffi-
cient. Using the coupling coefficient for crystal #3. the
two-interaction region model predicts an interaction length
between 3.3 and 4.0 mm for a threshold between 515 and
633 nm. These interaction lengths are not unreasonable
compared to the crystal dimension of 6.5 mm.

CONCLUSION

In this paper, we have reported on the experimental de-
termination, for cerium-doped SBN:60. of the wave-
length dependence of our self-pumped phase-conjugate
mirrors. We have achieved the following results over the
visible spectrum: the phase-conjugate reflectivity at nor-
mal incidence ranged from zcro to seven percent, the
electron-hole competition was found to be significant and
had a wavelength dependence in one sample but not the
other, the charge carrier density was ~7 x 10'® ¢m™*
and was wavelength independent. and the absorption coef-
ficient ranged from 2 cm ™' at the smaller wavelengths to
zero at longer wavelengths. Using the above values, we
have also determined a wavelength-dependent coupling
coefficient.

Absorption can be directly and indirectly related to
many of the above photorefractive properties. The strong
absorption in the ultraviolet is mainly responsible for the
dispersion in the index of refraction and does not directly
contribute to the photorefractive process. The absorption
in the visible is primarily dependent on the dopant levels
and leads to the value of N 4. This factor affects the value
of the coupling coefficient and therefore, o and v are not
independent. Consequently, absorption plays a key role
in phase conjugation and other photorefractive processes
such as two-beam coupling, beam fanning. etc.

We have shown a relationship between absorption and
the phase-conjugate reflectivity in the region where ab-
sorption is significant. If the crystals are doped with im-
purities having significant photoionization cross sections
in the NIR and IR regions, self-pumped phase conjuga-
tion in these spectral regions may be possible. By con-
trolling the dopant concentrations and their locations in
the crystal structure, we may be able to tailor these crys-
tals to obtain certain desired photorefractive properties.
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BSKNN as a self-pumped phase conjugator

Juan Rodriguez, Azad Siahmakoun, Gregory Salamo, Mary J. Miller, William W. Clark Ill, Gary L. Wood,

Edward J. Sharp, and Ratnakar R. Neurgaonkar

Self-pumping has been observed in a cerium-doped Ba:_,Sr,K;_,Na.NbsO,+ (BSKNN) crystal at four argon-
ion laser wavelengths. Phase-conjugate reflectivities as high as 30% were measured with response times
inversely proportional to the 0.5 power of the input intensity. The response time for beam fanning in the
crystal was determined to be inversely proportional to the 0.82 power of the input intensity.

. Introduction

Many different nonlinear phenomena and tech-
niques have been used to produce phase-conjugate
beams.! Until recently, however, only barium tita-
nate3 (BaTiO;) and Ce-doped strontium barium nio-
bate! (SBN) have been successfully demonstrated as
broadband self-pumped phase-conjugate mirrors us-
ing milliwatt beams. Self-pumped phase conjugation.
as reported here, is completely self-contained and re-
quires no external mirrors,>® pumping beams," or ap-
plied electric fields. In our experiments, the incident
beam is directed into a crystal corner via asymmetrical
self-defocusing® where retroreflection provides the
pump beams for the four-wave mixing process and the
subsequent phase conjugate build-up.

Currently, both BaTiO, and SBN crystals are lead-
ing candidates for applications in many areas, includ-
ing electrooptics, photorefraction, and millimeter
waves. Both of the above crystals are tetragonal at
room temperature with a 4-mm point group symmetry;
however, BaTiQ; exhibits a strong longitudinal elec-
trooptic coefficient (r5;) whiie tungsten-bronze
SBN:60 exhibits a strong transverse electrooptic coef-
ficient (r33). At this point in time, the use of BaTiO3is
somewhat limited due to the extreme difficulty in
growing doped crystals of adequate size and quality for
a number of applications. For this reason, Neurgaon-
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kar et al. introduced the tungsten-bronze Ba,_,Sr,-
K;.,Na,Nb;0,5(BSKNN) solid solution system® and
has since grown optical quality, twin-free, doped and
undoped BSKNN crvstals.

Specifically, Ba; ;Sr) ;K ::Nay2;Nb;0,; (BSKNN-
1) and BaU,SSr1,5K0_5Nao_5Nb5015 (BSKNN-2) have
been grown using an automatic, diameter-controlled
Czochralski pulling technique. The growth of
BSKNN-1 crystals is much more difficult than that of
BSKNN-2 which indicates that BSKNN-2 is closer to
the congruent melting composition in this solid solu-
tion system. These crystals resemble both SBN and
BaTiO; in many respects, i.e., point group symmetry,
optical properties, and ferroelectric properties. The
electrooptic effect in BSKNN-2 is strongly longitudi-
nal as in BaTiO;.

In this paper we confine our photorefractive phase
conjugation experiments to the BSKNN-2 composi-
tion. BSKNN-2 is characterized by a sharp anomaly
in the polar-axis dielectric constant at the ferroelectric
phase-transition temperature occurring between 170
and 178°C. The room temperature dielectric con-
stants, e = 170 and ¢, = 750, have been measured for
poled samples at 10 kHz.® For crystals poled to a
single ferroelectric domain, the dielectric dispersion
has been found to be minimal over the range of 100 Hz
to 100 kHz.9

The sign of the electrooptic coefficient, ra;, has been
determined to be positive by use of a calibrated com-
pensator. Thisfact, coupled with the observation that
extraordinary light fans toward the electrode held pos-
itive during poling, gives a negative sign for the photo-
refractive charge carriers, as similarly found in SBN.
By comparison, the charge carriers in BaTiO; are posi-
tive and extraordinary light fans toward the negative
poling electrode.!® The transmission spectra for our
BSKNN-2 samples, both doped and undoped, are
shown in Fig. 1, curves a and b, respectively.
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Fig. 1. Transmission curves for typical doped (curve a) and un-

doped (curve b! samples of BSKNN. These curves were recorded

for 6 and 3 mm thicknesses, respectively, and have not been correct-
ed for Fresnel losses.
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Fig. 2. Apparatus used in the measurement of phase-conjugate

reflectivity and the phase-conjugate response time. In this diagram

\/2is a polarization rotator. N.D. is a neutral density filter, B.S.isa

beam splitter. 4 is an aberrator. ¢ is the angle of the incident beam

with respect to the normal of the ¢ axis. and P.D. 1 and 2 are matched
photodiodes.

In this paper we report the first observation of self-
pumping in the photorefractive crystal barium stron-
tium potassium sodium niobate {(BSKNN-2). The
phase-conjugate reflectivities measured on a 6 mm
cube of BSKNN-2 are comparable with those previ-
ously reported for BaTiO; (Ref. 2) and SBN.*#11.12 [n
addition to the BSKNN behavior as a self-pumped
phase conjugator, we also report the time required for
the onset of the phase-conjugate beam!3 and the time
required for asymmetrical self-defocusing (beam fan-
ning). Both of these characteristic times were mea-
sured as a function of pump intensity.

ii. Experimental Arrangement for Self-Pumping

The experimental arrangement used for the self-
pumped phase-conjugate reflectivity measurements is
shown in Fig. 2. The laser output was kept in a single
transverse mode although several longitudinal modes
were oscillating. A polarization rotation device was
used directly at the output of the laser to provide the
flexibility of either ordinary or extraordinary light.
Extraordinary polarized light was used to write grat-
ings while ordinary polarized light was used to erase
gratings. This was necessary since the observed dark
storage time in these BSKNN crystals was at least a
few days. The beam splitter was used to separate the
phase conjugate from the input, as well as split off a
measured fraction of the input for normalization of the

Table I. Reflectivity Measurements as a Function of Wavelength

Input intensity Average
Wavelength at the crystal reflectivity
(nm) (w/cm?) (%)
457.9 0.19 27.5
476.5 0.21 18.0
496.5 0.24 18.0
514.5 3.82 16.5

phase-conjugate intensity. The input beam and the
phase-conjugate beam were monitored with matching
photodiodes. The experimental measurements were
taken using four spectral lines (see Table I) subject to
the stringent requirement of high laser stability in
both mode structure and intensity. The unfocused
beam diameter (1/e2 point) was ~2.1 mm at the crystal
face. Neutral density filters were used to vary the
input intensity of the beam from several W/cm? to a
few mW/cm? and to limit phase-conjugate feedback
into the argon laser. It was determined that neither
the input intensity nor the phase-conjugate feedback
affected the reflectivity measurements reported here.

fil. Experimental Results for Self-Pumping

Although self-pumping was observed for incident
input angles between 6 = +45° with respect to the
normal, the measurements of the phase-conjugate in-
tensity were taken as a function of wavelength at a
constant input angle of # = +20°. As can be seen from
the results shown in Table I, the phase-conjugate re-
flectivity increases as the wavelength shifts toward the
blue. For longer wavelengths, such as 514.5 nm, a
much larger pump power was required to initiate self-
pumping. The minimum intensity for observing a
phase-conjugate signal was determined to be ~100
mW/cm? for the 457.9 nm line at an incident angle of 8
= +20°. The minimum intensity was observed to
increase nonlinearly with wavelength.

When the crystal was self-pumping, we observed
that the extraordinary polarized beam entering the
crystal was fanned into a corner where two beams
appeared to be retroreflected back toward the incident
beam. Figure 3 is a photograph showing the top view
of a Ce-doped BSKNN-2 crystal (10X) while the crys-
tal is self-pumping. The crystal is in air and being
pumped with the 457.9 nm line of the argon-ion laser.
The c axis of the crystal is directed from bottom to top
and the incident Gaussian beam is extraordinary po-
larized and propagates from right to left entering the
crystal with a positive angle f as defined in Fig. 4. The
illuminated portions of the crystal at the entrance and
exit faces are due to light scattered from the natural
facets on the crystal corners parallel to the crystal
growth direction (¢ axis) which remained after the
entrance and exit windows were cut and polished.
The unusually large separation of the two beams form-
ing the loop is due to the chamfered edge of the crystal
corner containing the loop. In crystals having sharp
edges on the corners, the observed separation between
the beams in the loop is much less.

1 May 1987 / Vol. 26, No. 9 / APPLIED OPTICS 1733




Fig.3. Photograph of a BSKNN-2 crystal (10%) taken perpendicu-

lar to the ¢ axis and to the direction of propagation while the crystal

is self-pumping. The ¢ axis of the crystal is directed from the

bottom to the top and the extraordinary polarized beam at 457.9 nm

is propagating from right to left, entering the crystal at an angle f =

av°. The angular relationship of the beams within the crvstal shown
in this photograph is sketched in Fig. 4.

) C-axs

- + POLING ELECTRODE

Fig 1. Sketch of the BSKNN-2 crystal showing the angular rela-
tionship of the beams w.thin the crystal while it is self-pumping
This sketch is based on the visual observat 'n of the location of the
beams in the photograph of Fig. 3. The angular relationship be-
tween ta;) and ta-) is in good agreement with the computed angular
dependence of the coupling coefficient y in Fig. 6.

That the backscattered wave was in fact a phase-
conjugate beam was verified by inserting a phase aber-
rator in the beam as shown in Fig. 2. The beam’s
spatial characteristics were subsequently monitored
with an optical multichannel analyzer (OMA). Its
profile was recorded with the OMA for the following
conditions: with and without the aberrator at position
(a) and after reversing its path through the aberrator
at position (b). These profiles are compared in Fig. 5.
The spatial profile of the beam recorded at position (b)
is that of a Gaussian, as would be expected of a true
conjugate beam. In addition, it should be noted that
the beamwidth at the 1/e? points of these beams is
different. This is due to the fact that the incident
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angle formed by the loop direction and the ¢ axis and a, is the angle
formed by the input beam direction and the ¢ axis. BaTiO; is
represented by the solid lines and BSKNN is represented by the
dashed lines. The curves are for 457.9-nm radiation and are based
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227.r3= 50X 107 m/\, re = 820 X 10°- m 'V, and r3: = 200 X
1077 m'\.

Gaussian beam and the aberrated beam recorded at
position (a) are diverging beams, while the phase-con-
jugate beam recorded at position (b) is a converging
beam.

The computed coupling coefficient v, as a function
of the angle of the loop with respect to the ¢ axis (a2) for
various incident angles (a;), is shown in Fig. 6 for
BaTiO; (Ref. 2) and BSKNN, where (;) and (a9) are
defined in Fig. 4. The set of curves for BaTiOj; is not
identical to that computed by Feinberg in Ref. 2 since
we use 457.9 nm for the wavelength and more recent
values of the rj; and ri3 electrooptic coefficients.!4
The newer electrooptic coefficients produce a slight
increase in the coupling strength for BaTiO; as the
pumping beam approaches normal incidence. The
values of the electrooptic coefficients and dielectric
constants used in the calculation of y for BSKNN were
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photodivdes.

extracted frcm Ref. 9 These calculations indicate
that for an extraordinary beam and the same charge
carrier density, the coupling within BSKNN is approx-
imately a factor of 2 stronger than that in BaTiOs.

IV. Time Response

In these experiments, we measured both the time
required for the initiation of the phase-conjugate
beam!® and the time required for beam fanning to
reach Y, of its equilibrium value.!!1> All these mea-
surements were taken using the 457.9 nm line of the
argon-ion laser because of increased photorefractive
sensitivity to that wavelength, as illustrated in Table I.

The same apparatus (Fig. 2) used to obtain the
phase-conjugate reflectivity measurements was used
to obtain the phase-conjugate formation time. These
measurements were taken at an angle of § = +10°,
using the 457.9 nm blue line of the argon laser. The
phase-conjugate formation time as a function of inten-
sity is shown in Fig. 7. The points represent the time
required for the phase-conjugate reflectivity to reach
1/e of its final value. The analytical expression repre-
senting the best fit to the datais r, = 125/7050, [n this
expression 7, is in seconds while / is given in W/cm?.

The experimental arrangement used for the mea-
surement of beam fanning response time is shown in
Fig.8. Inthis experiment, opening the shutter caused
detector 1 to trigger a waveform analyzer that moni-
tored and stored the transient response seen by detec-
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tor 2. The output from detector 2 was then plotted
using a chart recorder. A typical trace is shown in Fig.
9. As seen in the figure, the decay of the transmitted
beam is nonexponential with an unusually slow start.
The response time was chosen as the time for the
transmitted beam to reach U/, of the difference between
the initial and equilibrium intensities. The incident
input angle (8) was held fixed at +10° with respect to
the normal during these measurements. Figure 10
shows the response time r as a function of the input
intensity I. The curve fits the expression r =
1.541-982 where r is in seconds and [ is in W/cm?.

V. Conclusion

In summary, we have observed for the first time self-
pumping in a new photorefractive material, BSKNN,
and have also reported on the phase-conjugate reflec-
tivity of the crystal as a function of wavelength. In
addition, we have determined the characteristic re-
sponse times of the crystal.
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Selt-pumping 0 cerium-doped strontium barium niobate has been observed with phase-conjugate retlectivities
near 6. and a tormation time ot 2 sec for a 200-mWcm- beam at 442 nm.  The time response for asvmmetrical selt-
defocusing was also measured. and the observed transmissions through the crystal at normal incidence were limited

to about 1.5% of the incident radiation

A great deal of attention has been given to self-
pumped photorefractive phase-conjugate mirrors for a
wide variety of applications.!-® These mirrors exhibit
a number of attractive features, including high reflec-
tivity, a modest wavelength range of operation. and
only milliwatt beam-power requirements for start-up.
Self-pumped phase conjugation.* as reported here, op-
erates on internal reflection and is completely self-
contained, requiring no external mirrors,” pumping
beems.t or applied electric fields. The only known
demonstrations of self-pumping using internal reflec-
tion have been in BaTiO,*" undoped and cerium-
doped strontium barium niobate (SBN),? and cerium-
doped barium strontium potassium niobate (BSKNN), "

In this Letter we report ¢n self-pumped phase con-
jugation in a single crystal of cerium-doped
Sr,Ba,-.Nb.Qg, x = 0.75 (SBN:75). The addition of
cerium produces a broad absorption in the visible,
which enhances the photorefractive effect considera-
bly in this crystal.!!'> The 0.05 wt. % cerium-doped
SBN:75 crystal used in this study was an approximate-
ly 5 mm X 5 mm X 5 mm cube, poled at 8 kV/cm at a
temperature well above the Curie temperature of
56°C.!3 SBN:75 is tetragonal, has a 4-mm point group
symmetry, and possesses a strong transverse electro-
optic coefficient, rs3, as do other SBN compositions.
By contrast, BSKNN and BaTiO; exhibit a strong
longitudinal electro-optic coefficient, r5;. The phase-
conjugate reflectivity of SBN:75 measured at 442 nm
is similar to that previously reported for BaTiO;,’
BSKNN,!9 and SBN:60.8° In addition to the behav-
ior of SBN:75 as a self-pumped phase-conjugate mir-
ror, we also report on the time required for the onset of
the phase-conjugate beam'415 and the time needed to
deamplify the beam through asymmetrical self-defo-
cusing (beam fanning).81617 These characteristic
times were measured as a function of the pump inten-
sity for a fixed spot size.

The phase-conjugate reflectivity and response-time

0146-9592/87/050340-0382.00/0

measurements were recorded using the experimental
arrangement depicted in Fig. 1. A He-Cd laser pro-
vided an extraordinary polarized beam at 442 nm.
The incident beam was 2.5 mW, with a 1/¢® beam
diameter of 1.8 mm at the crystal. Neutral-density
filters (ND’s) were used to vary the input intensity of
the beam from 200 mW/cm? to a few milliwatts per
square centimeter. The beam was incident upon the
crystal at an angle of # = —50° to the normal of the ¢
axis, so that it was directed toward a crystal corner
where retroreflection provided feedback for the four-
wave mixing process and the subsequent phase-conju-
gate beam buildup. The phase-conjugate beam inten-
sity was determined as a function of time at detector
D1 (see Fig. 2). As can be seen from the data, the
temporal buildup of the phase-conjugate intensity for
the self-pumping configuration is nonexponential, as
would be expected of a phenomenon that is a stimulat-
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Fig. 1. Diagram of the experimental apparatus used to
measure the phase-conjugate reflectivity and characteristic
response times of the cerium-doped SBN:75 crystal. P,
polarizer; L1, L2, lenses.
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Fig.2. Typical plot of phase-conjugate reflectivity for ceri-
um-doped SBN:75 as a function o1 time for an incident
intensity of 191 mW/cm~.

ed effect depending on feedback and arising from
noise.

The steady-state phase-conjugate reflectivity for
SBN:75 as a function of incident intensity is presented
in Fig. 3. The data indicate that the phase-conjugate
reflectivity (R) remains constant as a function of input

intensities above values of ~100 mW/cm?; however,.

there is a noticeable falloff in R for input intensities
below this value. One exolanation for this behavior is
that the dark conductivity becomes insignificant com-
pared with the total photoconductivity for input in-
tensities greater than 100 mW/cm*. This results in a
saturation or constant value of the crystal diffraction
efficiency.!* This explanation is consistent with the
observed response-time and beam-fanning behavior
described below and with a similar observation in
BaTi0;.!°

The results of the phase-conjugate formation time,
or initiation time {r,), as a function of the incident
intensity are given in Fig. 4. In order to permit a
comparison of this response time with those of other
materials, we present the time for the phase-conjugate
beam to reach the 90% point (curve a) and the e~!
point (curve b) of the steady-state reflectivity. The
data for these curves show a departure from log-log
linearity for input beam intensities below ~100 mW/
cm*. This observation is consistent with the assump-
tion!® that the equilibrium diffraction efficiency of the
grating formed during self-pumping saturates or be-
comes constant only for values of the input intensity
above 100 mW/cm?. The response times at the higher
intensities are compared with those of other materials
in Table 1 for similar pumping conditions. Input in-
tensities of 0.2 and 2 W/cm? are used for comparison.

For the beam-fanning measurements, an extraordi-
nary beam from the He-Cd laser was incident upon
the crystal normal to the ¢ axis. Radiation from the
beam fanned toward the crystal face that was held
positive during poling, that is, in a direction opposite
the c-axis direction.®® The drop in power through
aperture A3 (see Fig. 1) was measured by detector D3
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and recorded on a fast storage scope, which was trig-
gered by D2 after a shutter (S) was opened. The final,
steady-state power transmission as a function of inci-
dent intensity is shown in Fig. 5. The data show a
decrease in percent transmission with increasing input
intensity. This observation is consistent with tne ar-
gument that the diffraction efficiency of any self-gen-
erated gratings is intensity dependent for the range of
input intensities used in our experiment. As can be
seen, the final transmission was less than 3% for even
the weakest beam used in our measurements. This is
comparable with the results obtained with BaTiOs, for
which a higher intensity (~30 W/cm?) was used.!?
The intensity dependence of the time response for
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Fig.3. Steadyv-state phase-conjugate reflectivity of cerium-

doped SBN:75 as a function of intensity at 442 nm.
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Fig. 4. Characteristic response times of cerium-doped
S 1:75 as a function of intensity. Plots a and b are the
phase-conjugate formation times measured at the 30% point
and the e~! point, respectively, of the steady-state reflectiv-
itv. Plots ¢ and d are beam-fanning response times mea-
sured at the points where 90 and 63.2% (1 — e~ of T'(initial)
— T(final) is diverted, respectively (where T is the transmis-
sivity). The analytical expressions for the best fit of this
data (straight lines) are given in Table 1.
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Table 1. Time Response of Self-Pumped Photorefractive Materials*
Time(s) versus / (W/cm-) Response Time(s) (W/cm?) Wavelength Point of
Material Relationship 0.2 2 {nm) Measurement
Phase-conjugate initiation time
Ce-SBN:75 7, =125 [0 32 8.3" 442 90
Ce-SBN:75 7,= 2.6 [0 T 1.6" 442 e
BaTiO.¢ ro= 517W 25" 2.5 514.5 90%
Ce-BSKNN¢ 7, = 125 [-0% 279 88 457.9 el
Beam-fanning response time
Ce-SBN:T5 = 1.37]°1% 7.2 0.6 442 90
Ce-SBN:75 =047 [Tt 2.0 0.25" 442 e}
Ce-SBN:6(¢ r=0.11/7%! 0.6 0.05* 442 el
BaTiO - r= 117709 4.8 0.6 488 90%
Ce-BSKNN+ 7 =154 ] 5.8 0.9 457.9 e!
a All data are for self-pumping via internal reflection except the initiation time for BaTiO.. which is for a ring-passive phase-conjugate
mirror.
¢ Extrapolated data
< Ref. 19.
¢ Ref. 10
¢ Ref. 8.
“Ref 17,
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The role of La’~ in tungsten bronze Sr,,Ba,,Nb.O, (SBN:60) ferroelectric crystals has been studied with respect o

Czochralski crystal growth parameters and fundamental ferroelectric properties Direct substuitution of La™~ for $r° " or Ba®~ results
in a significant decrease of the ferroelectric phase transiuon temperature and. consequently. dramanc increases in the room
temperature dielectnc constant and pyroelectnc coefficient along the polar axis. Although La-modified SBN : 60 1s more difficult 1o

grow. 1t was possible to grow defect-free crystal boules up to
lanthanum modifications up to 1.0 mol&

1. Introduction

Tungsten bronze solid solution crystals such as
Sr,_ .Ba,Nb.O, (SBN). either doped or undoped.
have proven 10 be excellent matenals for vanous
applications such as guided wave optics [1]. photo-
refractive [2-7]. millimeter wave [&-10] and pyro-
electric [11.12) device applications. Tetragonal
(4mm) bronze crystals. such as SBN. exhibit excel-
lent transverse ferroelectric and optical properties
in contrast to perovskite BaTiO, crystals which
show strong longitudinal optical properties. Fig. 1
shows the classification of the vanious types of
tungsten bronze crystals based on their crystal
structure and ferroelectric and optical properties.
Included among these are important bronzes such
as SBN, BSKNN, KLN, SKN, morphotropic PBN,
SNN and SCNN [13.14] all of which have poten-
tial utility in millimeter wave and optical applica-
tions, although high-quality crystal growth has
proven to be difficult in some instances.

The present paper focused on modified ver-
sions of the congruently melting [15] SryBa,,

cm diameter with opuical quality. stnauon-free crysials found for

Nb.O, (SBN :60) crystal composition with La'~
substituting for Sr*~ or Ba” " in the crvstal lattice.
Previous work by Liu and Maciolek [11] has shown
that rare-earth-modified Sr,.Ba,.Nb,O,
(SBN : 50) results in a lowered ferroelectric phase
transition temperature and thereby improved py-
roelectric properties. However, SBN : 50 is an in-
congruently melting bronze composition which is
difficult to grow in bulk single crystal form. par-
ticularly with good optical quality. SBN :60. on
the other hand. can be grown with excellent opti-
cal quality {14] and therefore presents the oppor-
tunity to grow modified crystals of comparable
high quality for potential millimeter wave, optical
and pvroelectric applications.

2. Experimental

2.1. The SBN : 60-M*~ NbO, svstem

Modified forms of SBN were initially studied
using sintered ceramic samples. For convenience,

0022-0248 /88 /303.50 € Elsevier Science Publishers B.V.
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maodifications of the composiiion SBN: 50 were
examined because of its higher phase transition
temperature (~ 120 versus 75°C for SBN :60)
Reagent grade BaCO,. SrCO,. Nb.O. and La.O,
or Y.0, oxide powders were used for these
ceramjcs. with the thoroughly mixed matenals
calcined at 1000°C. ball-milled in acetone. and
then cold-pressed and sintered at 1350°C for 4 h.
Rare earth modifications of Sry,.Ba,,Nb,O,
(SBN:75) and SBN:60 ceramic compositions
were also checked for solid solubility and struc-
ture using X-ray diffraction measurements.

Since lanthanum and vttrium exist in trivalent
states. modifications of SBN : 50 were attempted
in the following manner:

(1) Srg._ M;"Bay NbO,, ..
(2)  Sry _,,La,,0,BagNb,O,.

M=LlaoryY,

where O represents a lattice site vacancy.

Pby ,Ba,KNbeOgg
(PBKN:

ten bronze ferroelectne onstals

Equivalent substitutions for Ba®™ were also ex-
amined. The phase diagrum for La-modification is
illustrated in fig. 2: X-rav analvsis showed that the

LaN: D
1 Bag 4570 g are,M 0,
3 Beg a5 g 3utenMegCe
/ b \
; \
/e
5 :
S \
i & \
< S
/I x , N
/ [
) A ! ~FERROELECTRIC
/ ! .
/ / l A \
\
, / \
- 4 ﬁ) . \
SNb20g SBN 75 SBN 60 SBN 50 SBN 25 BaNb0¢

Fig. 2. Temary phase diagram for the BaNb,0O,~SrNb,O, -
LaNbO, solid solution system.
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Fig 3 shows the room temperature dielectric
constant at 1 kHy for two tvpes of SBN 50
ceramic modificanons using La™7; similar results
were obtaned for YO modifications. Only the
tvpe Sr.. (La,Ba. (Nb.O, . moditication re-
sulted 1n significant changes in the dielectric con-
stant with increasing La’ ™ or Y ' substitution
this being a conseguence of a lower ferroelectric
phase transiuon temperature. Equivalent results
were also obtained with rare earth substitutions
for Ba”". Hence. onlv tvpe 1 modifications were
used in subsequent c¢nvstal growth work with
SBN:60. Since Sr°" and La'" have similar ca-
tionue sizes. Czochralskr crvstal growth was at-
tempted for La-modified SBN : 60 10 avoid poten-
tial growth problems which might arise from dis-
similar size cations in the same crvstallographic
site.

22 Growth of La-modified SBN : 6(1 single crvstals

Because of extensive prnior expenence in the
Czochralski crystal growth of congruently melung

SBN : 60 [16]. the growth of La-modified SBN : 60
proceeded without undue difficults. A Sy, La,
Ba, Nb.O, subsutution of La'" for Sr<~ was
used (tvpe 1 modification). with concentrations
varying from 0.5 to 2.0 mol%. High punty starting
materials were used exclusively for these growths
with the calcined materials thoroughlyv ball-milled
in acetone prior to melung in a 5 em diametcr. S
cm height platinum crucible. All crystal growths
were performed in an RF induction heated fur-
nace operating at 370 kHz.

The incorporation of La®~ in the SBN crvstal
lattice did not cause major changes in the growth
conditions. Czochralski growth was performed
along the c-axis ({(001)) using an automatic diam-
eter control svstem (proven mandatory for
high-qualitv tungsten bronze crvstal growth) and
an after-heater geometry. Initially. ¢-axis SBN : 60
crystal seeds were used until La-modified crvstals
became adequate for use in subseguent growths.
Bulk fracture was an earlv probiem in these
growths, probably as a result of the muluple site
preference of La'™ in the 15- 12- and 9-fold
coordinsted oxvgen octahedra sites of the SBN
lattice. This problem wuas overcome in part b
maintaining strictly constant cooling rates after
crvstal growth.

Fig. 4 shows examples of unmodified and La-
modified SBN : 60 crvatal boules. Modified crvstals
were successfully grown up to 2 cm in diameter. A
striking feature of these cryvstals. common (o other
tungsten bronzes. is the presence of large natural
facets. La-modified SBN - 60 boules grow with 24
natural facets. similar to unmodified cryvstals. with
the cryvstal cross-section becoming more rectangu-
lar with increasing lanthanum modification and
featuring large (100) and (010} facets. as seen in
fig. 4. A rectangular growth habit is not uncom-
mon to crystals in the tungsten bronze familv: for
example. larger unit cell bronzes such as
Ba,_ . Sr, K,_ Na Nb.O,. (BSKNN) and KLN
typically grow in a rectangular shape with &
well-defined facets [14]). What is unusual about
La-modified SBN :60 crvstals is that the crystal
unit cell does not change markedIv with increasing
lanthanum content: for example. a 1.0 mol% La-
modified crystal has unit cell dimensicns of a =6
=12466 A. c=3930 A compared 10 a=b=

2
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Fig 4 La-modified (left) and unmodified (nighty SBN:60
crvstal boules grown by the Czochralski techruque. Marker
represent 2 cm

12465 A, ¢ =3935 A for unmodified SBN : 60.
Hence. the gradual change in growth habit from a
circular to a more rectangular shape with La mod-
ification may be a -esult of the parual occupancy
of the otherwise e.npty 9-fold coordinated lattice
Site.

Table 1 summarizes the major crvstal growth
parameters and physical properties of these
crystals. Crystal growth bevond 2 mol% modifica-
tion was not attempted since we wished to main-
tain a ferroelectric phase at room temperature.
Furthermore, the more heavily modified composi-
tions showed major optical striations and were
very difficult to grow. Nevertheless. it would be
interesting to examine crystals with heavier La
modifications since such paraelectric (4/mmm)
crystals should have large quadratic electro-optical
and possibly large electrostrictive properties.

2.3. Ferroelectric properties

The polar c-axis dielectric properties for a poled.
1 mol% La-modified SBN : 60 crystal are shown as
a function of temperature in fig. 5. Like un-
modified SBN crystals, the polar axis dielectric
constant is characterized by a large dielectric
anomaly at the ferroelectric phase transition tem-
perature (Curie point). above which the dielectric
constant follows a Curie-Weiss law.

€. =C(T~-06,). (1)

where C,=4.3x10° and ©,=38°C. The Curie
constant, C,. remaius remarkablv unchanged with
La substitution up 10 2 mol%. with the onlv change
occurring in the Curie temperature. ©,. which is
75°C in unmodified SBN:60. The drop in O,
with La substitution is nearly at approximately
36°C/mol%. so that for a 1.5 mol% substitution.
©, occurs at room temperature.

As evident in fig. 5. SBN : 60/La shows a strong
frequency dependence for the polar axis dielectric

Table 1
Growth conditions and properties for pure and La'™ modified SNB: 60 crystals

SBN 60 SBN:60/La SBN:60.La

(1 mol% La) (1.5 mol% Lay

Crystal symmetric at 20°C dmm 4mm 4mm
Growth temperature ( °Cy 1480°C 1480° C 1475°C
Pulling rate (mm /h) 10 9 6-7
Interface Smooth and flat Rough but nearly flat Rough and concave
Quality Opuca!l Optical Weak stniations
Growth habit Circular Near-circular Squarish
Number of facets 24 Facets 24 Facets, (100) promunen: 24 Facets (100) prominent
Cotor Pale cream Pale cream Pale cream
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constant near the phase transition. Because of this
relaxor behavior, the temperature of the dielectric
maximum. 7_. varies with frequency from 34 to
42°C over a 100 Hz to 100 kHz range. for a 1
mol% La substitution. so that the specification of
7. loses some of 1ts mearung. Relaxor behavior
has also been found in unmaodified SBN : 60 {10]
but the effects are much less pronounced thun
those 1n fig. 5. This behavior in SBN : 60 1s felt 10
arise from the latuice site uncertainty of the Sr-~
and Ba~ " ions between the 15- and 12-fold coordi-
nated oxvgen octahedral sites of the partally
empty latuce. leading to a distnbution of phase
transition temperatures in the crvstal bulk. In the
present case of La substitution. thiy site un-
certainty extends to the 9-fold coordinated site as
well. so that more pronounced relaxor effects
would be expected.

Because of the lowered phase transition tem-
perature and increased relaxor effects, the room
temperature polar axis dielectric constant for 1
mol% La-substituted SBN:60 is very large at
9600-7000, depending on frequency. These values
are roughly an order of magnitude large than the
nearly dispersionless value of 920 for unmodified
crystals. The corresponding room temperature di-
electric loss tangent varies from 0.01 to 0.07 in
poled crystals. about a factor of five greater than
for unmodified SBN :60 but still reasonable in
light of the close proximity of the phase transition

temperature. For 1.5 mol% La substitution. the
relaxor effects become very pronounced. with ¢,
= 36000-21000 and tan § = 0.05-0.28.

Crystal poling was found to be straightforward.
with 2 5 kV/cm DC poling field being sufficient
the pole the crystals at room temperature to a
single ferroelectric domain. No advantages were
found by poling from the phase transition temper-
ature down to room temperature. The coercive
field necessary to initiate ferroelectric domain re-
versal at room temperature was relativelv low at
1-2 kV /cm, a factor for consideration in potential
device applications.

The nonpolar a-axis dielectric constant. €,,. for
a 1 mol% La-modified SBN: 60 crystal is shown
as a function of temperature in fig. 6. The dielec-
tric anomaly near 40°C is tvpical of SBN:60
cryvstals and anses from the onset of nonzero
spontaneous polarization along the c-axis [14]. As
a result. some frequency dispersion is observed
near the peak. but the effect is generally minimal.
The a-axis constant follows a Curie-Weiss law
above the phase transition temperature. with C, =
21 x 10 and 6, = =265 = 20° L. Asan the c-ans
case. (| is essentially the same as for unmodified
SBN : 60, with only ©, varving downward from
—245°C with increasing La substitution. At room
temperature. © = 640 for 1 mol% La modification.
increasing to 700 for 1.5 mol% crystals. The corre-
sponding dielectric loss tangents are low (0.012 or
less) and are nearly independent of frequency.
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Fig. 6. Nonpolar g-axis dielectric constant for 1.0 mol% La-

modified SBN:60 at 10 kHz. Data at other frequencies are
substantially the same.
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10 mol% La-modified SBN 60

The net spontaneous polanzation along the «-
axis, P,. was measured by integrating the charge

released duning warming at 4 uniform rate
(2°C/min) under zero bias conditions {12]. The
results for 1 mol% lLa substituted SBN:60 arc
shown in fig. 7 along with the pyroelectric coeffi-
cient. p= —dP,/dT. As in the case for the di-
electric properties. the polarization and the pyro-
electric coefficient behave in a manner similar to
that for unmodified SBN : 60. differing only in an
overall temperature shift of the characteristics due
to the change in @, and a slight broadening of the
pvroelectric peak near the phase transition. The
pvroelectric maximum occurs at 27°C. 11°C be-
low ©,. compared to the 8§°C separation typical
of unmodified SBN :60 crystals: this downward
shift from @, is a consequence of the diffuse
nature of the ferroelectric transition.

The room temperature values of the sponta-
neous polarization and the pyvroelectric coefficient
are summarized in table 2 along with other ferro-
electric data for unmodified. 1 mol%® and 1.5
mol% La-modified SBN : 60 crvstals. The changes
in these parameters with composition. as well as
the changes in the dielectric properties. are essen-
tially reflections of the changes in the Cune tem-
perature. For example, in the particular case of 1.5
mol% La modification. the very low polarization
and large €, are due to the occurrence of the
phase transition close 1o room temperature: conse-
quently. these parameters are also extremely sensi-
tive to small temperature changes.

Tabic 2
Ferroelectrica! properues -
SBN 6 SBN 60 Lua SBN 60 La
(1.0 mol® La) (1.5mol% La
Cune point. T, " ¢°Cy 1376 34-42 17-2¢&
8, (°C) 74 k1 2
G (°C) 41x10° 43%x10° 43%10°
e, (°0) —245+20° —265+20° —-275=20°
G, (°C) 204x10° 21x10° 21x10°
€ (at 1 kHz) 920 8300 30,000
¢, (at 1 kHay 485 640 TO0
PrepCrem’) 285 211 34
p (pC/em™-°C) 0.097 062 0.9%
E-O coefficient. 7, (10 ¥ m/V) 460 3290 1800

* All values are at 20 ° C. unless otherwise indicated
P Qver range 100 Hz 10 100 kHz
' Calculated values (see text)
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3. Discussion

It is worthwhile to examine the potential utility
of La-modified SBN : 60 crvstals in potential de-
vice applications. For pvroelectric detector consid-
erations. the decrease of the phase transition
temperature with La-modification crystal neces-
sarilyv increases both the polar axis dielectric con-
stant and the pyroelectnc coefficient at room tem-
perature. as shown in table 2. so that the longitu-
dinal pyroelectric device figure-of-merit, p/e;;.
actually declines with increasing La substitution.
However. 1n transverse pyroelectric detector con-
figurations where a low detector impedance (high
capacitance) is desirable, La-modified SBN : 60 is
clearly superior 1o unmodified SBN : 60 because of
the higher dielectric constant and pyroelectric
coefficient available.

The large Increase in the room temperature
dielectric ¢ >nstant over unmodified SBN:60 1is
also significant for electro-optical or nonlinear
opucal applications. From the phenomenology de-
veloped for tetragonal tungsten bronze ferroelec-
tnis [17). the hinear electro-opuc coefficient. ry s
given by

-

r~

roo= Je P {2)
where g+ 15 the quadranc electro-optic coefficient
and ¢, 1s the permituvity of free space. In the
particular case of La-modified SBN : 60. the en-
hancement of r,, due to the dramatic increase of
€,. al room temperature is partially offset by a
corresponding decrease in the spontaneous polari-
zation. Nevertheless. the calculated r; for 1.0
mol% La modification. using g.; =010 m*/°C"
typical of bronze ferroelectrics. is 3290 x 107 !¢
m/V at 1 kHz compared to 460 x 10 '* m/V
(470 x 10" }?, measured) for unmodified SBN : 60.
The lower value of 1800 x 107 * m/V for 1.5
mol% modification in table 2 results from the
substantial decline in the spontaneous polanzation
at the room temperature ferroelectric phase transi-
tron. In this case, it is also difficult to maintain a
single ferroelectric domain unless a dc bias field is
maintained on the crystal: this would also serve to
substantially increase P,. and therefore, ry;.

The large pyroelectric and electro-optic coeffi-

cients for La-modified SBN:60 crvstals make
these very attracuve materials for infrared focal
plane array. millimeter wave. electro-optic and
nonlinear optical applications. Although heavily
modified crystals (> 1.5 mol%) have prominent
optical striations. more lightly modified crystals
have excellent optical quality and can maintain a
single ferroelectric domain. after poling. for an
indefinite period of time below 35°C. Lanthanum
modifications greater than 1.5 mol% result in
crystal which are paraelectric at room tempera-
ture. which may be of interest for very low loss.
biased pvroelectric detectors or for electrostrictive
applications; quadratic electro-optic applications.
however, would necessarily require further im-
provements in crystal optical quality.
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Single mode planar and channel waveguides have been produced in Sr, ,Ba, ,Nb.O, (tungsten
bronze structure) by sulfur diffusion in a sealed ampule, followed by oxidation in an open tube.
Losses in channel waveguides were ~ 15-20 dB/cm for TM polarization and ~27-32 dB/cm for
the TE polarization in z-cut substrates. Electro-optic modulation was observed after poling of the
substrate. The experimentally determined value of the effective electro-optic coefficient was
slightly greater than reported earlier for bulk samples of SBN:60, and about 15 times greater than
for LINbO,. Based on measurements with the S, radioisotope, the average atomic suifur
concentration was estimated to be about 4 X 10'"/cm” in the region extending from the surface to
a depth of 2.5 um, and a significant background concentration ( ~ 5x 10'¢/cm*) was present to

depths in excess of 20 um.

Meital diffusion in LINbO, and LiTaQ, is the most com-
monly used technique for fabricaung waveguides for inte-
grated optics.” There has. however, been a continuing inter-
est in producing waveguides and modulators 1 other
ferroelectric materials with higher electro-optic coefficients
One particularly attractive candidate is Sr,.Ba.,Nb.O,
{SBN:601. in which recent improvements in growth tech-
niques have led to the production of large
i~ 1-in. dimension: crystals of excellent opucal quahity. The
7. electro-optic coefficient of Sr,. Ba, ; Nb,O,. at room tem-
perature’ is more than an order of magnitude greater than
that for LINbO, and LiTaO. * However, previous efforts to
produce suitabie waveguides in SBN:60 by metal diffuston in
this laboratory and elsewhere have been unsuccessful. This
letter reports the use of vapor diffusion to fabricate planar
and channel waveguides in SBN:60. This represents the first
use of gaseous diffusion to fabricate waveguides in any
ferroelectric matenal, and the first fabrication of waveguides
in any matenal with such a high electro-optic coefficient.
Electro-optic modulation has been demonstrated in channel
waveguides, and a radioisotope technique has been used to
characterize the sulfur diffusion process

The waveguides were produced by indiffusion of sulfur
followed by oxidation. The indiffusion process is very similar
to that used to produce waveguides in CdS by Se indiffu-
sion.® Initially, a substrate was loaded with sulfur powder in
a quartz ampule which was evacuated with a diffusion pump
and sealed at a gauge pressure of about 10~ Torr. The am-
pule was then heated in a tube furnace for several hours. The
best waveguides for which the data below are reported, were
obtained for diffusion at 800 *C for 6 h, although waveguid-
ing was observed for diffusion temperatures as high as
900 °C. After the ampule was removed from the furnace and
broken to remove the crystal, it was treated with flowing
oxygen in an open-tube furnace at 600 °C for 24 h. The oxida-
tion produced a clear (transparent) band ~2 mm wide

* Visiung scienuist from Texas A&M Unneraty, Electncal Engineenng
Department. College Station TX 77843.112¢
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around the periphery of the crystal. which was totally
opaque in appearance after the sulfur diffusion.

In order to determine whether the presence of sulfur is
necessary for waveguide formation. the procedure described
above was followed except that no sulfur was added to the
ampule containing the crystal. No waveguiding was ob-
served in this sample. Another as-polished crystal was run
through the oxidation step only, with similarly negative re-
sults. It was concluded that the sulfur diffusion is necessary
for waveguide formation.

The substrates were cut from single-crystal boies
grown by Czochralski technique from a platinum crucibie at
the congruent melt composition Sr,.Ba,,Nb.O,
(T, = 78 °C). Careful temperature contro! of the melt virtu-
ally eliminated striations which had been obseived in
SBN:60 grown earlier.®” Both z-cut and y-cut substrates
were utilized, and typical dimensions were ~0.5-1.0 cm in
length per side and | mm thick. The large-area surfaces were
polished prior to diffusion, and the ends were polished after
diffusion. To make channel waveguides. the appropriate
photolithographically defined pattern was etched in a 3000-
A-thick layer of SiO, which had been sputtered on the sur-
face of the substrate.

Optical evaluation was carried out with a 0.63-um
HeNe laser using both end-fire and prism coupling. Mea-
surements on planar waveguide in z-cut substrates indicated
an effective mode refractive index change in the range of
0.001-0.0025 for both polarizations. Optical insertion losses
were measured in channel waveguides in z-cut substrates
after polishing. In these samples, a 500-A-thick sputtered
SiO, buffer layer and a gold electrode had been deposited on
top of waveguides. Insertion losses for the TM mode in a 5-
mm-long sample ranged from 15 dB for a waveguide.pro-
duced from a 20-um-wide mask to 12.5 dB for a 2.um width.
Insertion losses for the TE mode were consistently about 6
dB greater for these channels. Applying a correction esti-
mated at 5 dB for Fresnel and mode-mismatch losses leads to
waveguide attenuation figures of 15-20 dB/cm for the TM
mode and 27-32 dB/cm for the TE mode. Near-field profiles
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Ditfused
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20 pum

FIG. |. Near-field patterns for waveguide produced with 8-um-wide chan-
nel mask iresolution ~0.2 um). The plots were obtained by scanning a2
photodetector with a nastow slit in front of it across an image of the wave-
guide aperture.

for a single mode waveguide diffused through an 8-um chan-
nel mask are given in Fig. 1.

Electro-optic modulation was observed in the channel
waveguides with the input light polarized at 45° to the crystal
axes and the output analyzer also oriented at 45°. Peak to
peak voltages as high as 300 V were applied along the ¢ axis
across the 1-mm substrate thickness to the 4.3-mm-long top
electrode. A typical intensity modulation behavior is shown
in Fig. 2. A value of the effective electro-optic coefficient
roo— nir/n, wasdetermnedtobe 33 = 0.2 107 " m/V
over the frequency range from 100 Hz to 1 MHz from these
measurements. This is about 209¢ greater than values of this
same quantity determined previously from measurements
on bulk samples of SBN:60." and about 15 times greater than
for LINDO.."

To investigate the diffusion process, a radioactive tracer
technique’ employing the low-energy {167.4 keVi3 ~ ' emut-
ter S, was used. The normal diffusion process was followed.
except that a measured quantity of the radioisotope was add-

FIG. 2. Observed intensity modulation behavior. Top trace: photodetector
signal (2 mV/divi; bottom trace. modulating voltage (20 V/divi, frequen-
¢y = 1 kHz
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FIG. 3. Profiles of radioisotope activity as a function of depth for one sam-
ple immediately after sulfur diffusion and another which was oxidized after
diffusion.

ed to the ampule prior to diffusion. The B ™ activity of sub-
strates both after diffusion and after oxidation was then eval-
uated by placing the sample in contact with a plastic
scintillator which was attached to the face of a photomulti-
plier tube. The photomultiplier pulse-height distribution
was analyzed and plotted by a computer system to give an
indication of the energy spectrum of the # ~ particles enter-
ing the scintillator. By repetitively polishing and weighing
the samples. it was possible to determine the activity as a
function of depth. as illustrated in Fig. 3. Only events with
energy above 50 keV are counted to eliminare background
counts attributable to photomuitiplier dark current. The ef-
fective depth for the 8 - radiation n this experiment is est)-
mated to be ~ 30 um, so that the count rate in effect mea-
sures the total sulfur concentranion integrated over that
depth. It is evident from that figure that the sulfur concen-
tration drops rapidly in the first 1-2 um beneath the surface,
and that a substantial background level remains at depths
greater than 20 zm. The profiles for the unoxidized and oxi-
dized samples were similar, but the sulfur concentration 1s
lower by about a factor of 6 in the oxidized sample. Finally.
data on the activity of the crystals were compared with those
from a calibrated carbon-14 5 ~ source to give a quantitative
indgication of the sulfur concentration in the samples. From
the data of Fig. 3 and the known value of the activity per unut
weight of the sulfurin the ampule, it was possible to estimate
the concentration of sulfur in different depth regimes, as in-
dicated in Table L.

In conclusion. waveguides have been produced by vapor
diffusion of sulfur into SBN:60 substrates and electro-optic
modulation has been demonstrated in these waveguides. The
relatively high losses in the waveguides could be related 1o

TABLE . Estimated average sulfur( - 10'"/¢cm’" concentration in diffused

SBN60 sampies.
Depth Before After
tum! oxtdation ovdation
0-25 220 K
25-20 45 <
> 20 i% <
= PR *4




incomplete oxidation after diffusion and might be corrected
by lower diffusion temperatures or longer oxidation times.
The high electro-optic coefficient of the SBN:60 canlead toa
substantial reduction in the voltage-length product for guid-
ed wave modulators and switches for communications and
signal processing applications. Frou: the radioisotope mea-
surements the concentration of sulf.r in the samples 1s found
to be greatest near the surface. with a substantial back-
ground level present deep in the crystal. The vapor diffusion
process is quite simple. and may be applicable to other
ferroelectric materials and gaseous diffusants as well.

The authors would like to acknowledge the assistance of
E. J. West for his efforts in the ampule diffusion process.
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ABSTRACT
This paper reports preliminary results of epitaxial growth of .etragonal ferro-
electric Sry_.Ba,NbyOg (SBN) thin films by the Lquid phase epitaxial (LPE)

technique. Severa! V¢’ -containing flux systems were investigated; however,
the baV ;O flux was [ound to be the most eliective in producing SBN suviid-
sclution films,  Although the film growth rate was much faster on the (00!)
direction, film quality was best on the (100) and (110) directions with thickness
in the range 5 1o 2 um. Latlice constant measurements indicate that the
films are Ba- -rich, with compositions close to Srg .¢Ba.. s Nb;O¢ and
Sre.Bag . ¢Nb.Og. This technique offers a unique opportunity to develop sim-
pie or complex bronze fiims of superior quality for several optoelectronic
device applications.

MATERIALS INDEX: tungsten bronze films, niobates, barwur., strontium

Introduction

The need for active materials for various optoelectronic devices, including electro-
optic (1,2), spatal light modulators, pyroelectric detectors (3), surface acoustic wave
(SAW) (4,5) and many others has stimulated recent work on the growth of ferroelectric
tungsten braonze films. The bronze composition Sr)_ Ba Nb,O, (SBN), 0.75 < x < 0.25, is
very attractive and possesses electro-optic and pyroelectric coefficients higher than any
other well-behaved ferroelectric material (6,7). Although the growth of optical-quality
selk crystals of Sry ¢Bag  Nb,Og (SBN:60) has been shown to be successful by
Neurgaonkar and Cory (8-11), there is great promise for other compositions within this
sohid-solution system; hence, the LPE technique has been established for their growth.
Furthermore, the lattice match between SBN:60 and other compositions is excellent, and
SBN:60 crystals are now available for use as substrate material. The present paper
reports the epitaxial growth of SBN compositions using vanadium~containing flux systems
for various device applications.
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Experimental Procedure

The partial phase diagrams for the M2% V,0-SBN and M* VO,-SBN systems, M =
Ba or Sr, and M* = K, Na and Li, were established with respect to composition and teni-
peratures up to 1300°C. Reagent-grade carbonates or cxides of 99.9% purity were used
as starting materials for this investigation. X-ray and DTA techniques were used to
identify the solid solubility range of the tungsten bronze structure, lattice constants,
solidus-liquidus temperature and eutectic compositions.

SBN:60 single crystals were grown by the rf Czochralsk: technique, and crystals as
large as 2 to 3c¢m in diameter and 4 to 6 Cm jong were availat.e for use as substrate
meteria. She 1), (00 2 d (110 substratzc wers cut fror. ar-prowr IToste L ans 1t
top surfaces were opuically polished. Substrate suriaces were Cleanel Jsing Organic so.-
vents, dilute acids, and then water to remove any dust particles, oils, etc. before use in
LPE film growth.

Results and Discussion

Solvent for Tungsten Bronze Family Compasitions

Crucia! to the success of isotherma! LPE growth is an ability to supercool the solu-
uon without the occurrence of spontaneous nucleation. Therefore, before LPE can be
performec, a suitable flun system for the SBN solid-solution system must be found. Al-
though a large number of solvents have been identified for this family, the present work
was restricted to oniy the vanadium-containing solvents. Based on current research on
ferroelectric LINDQ; thin-Tiim growth (12-16), the vanadium-containing solvents have
been found usefc: for SBN and the bronze compositions because of the following imipor-
1ant reasons:

.o V3T canon hes sirong prefererce for the four-folg coordinated site; hence, no vana-
dium nclusion in the bronze {iimi is expectec.

E\)

Supercoobing range for the V-7 -comtaiming salvents is reasonat.y fugh, of the order
of 20 10 32°C.

3, \V:T-containing soiventls melt @ sigmificantly Low temperature, and thus aliow LPE
growth at much lower temperatures.

b, \‘«’~contammg solvenls are remarkably stable at elevated temperatures (up 1o

15550,

5. All\V>"-containing solvents dissoive 1n dilute acids.

Table | summarizes a number of flux systems used in the present study for the SBN
solid-solution systems. Since this system contains five or more components, the determi-~
nation of a complete phase diagram s impractical. As described by Roy and White (17),
such systems can be treated as pseudo-binary, with the phase to be crystallized as one
component (solute) and the flux (solvent) as the other. Using this concept, as summar-
ized in Table 1, several flux systems have been investigated for the SBN solid-solution
system.

The determination of the phase diagrams BaV,04-5BN and BaB4O, ;-SBN, as shown
in Figs. la and b, indicate that the ferroelectric tetragona! SBN phase exists over a
wide range of temperature and compositional conditions. X- -ray measurements of these
systems indicated that the crystallized compositions are Ba2”-rich with 0.54 < x < 0.62.
in the third system, SrV,04-SBN, SrNb,O¢ was a major phase and extended over a wide
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Flux Systems for Tungsten Bronze Compositions
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Fig. 1 Fartia! phase diggsam for M27-V O, -SBN and M*VO,-SBN systen.s,

compos.tional range. Thus svsten. was found to be unsuitable for bronze compositions. Ir
two other systerms, RVO-SBN and NaVQO;-5BN, although the tungsten bronze phase.
crystallized over a wide compositional range, the composition of the phases in each sy s-
tem was differer:, e.g., Sr;KNb,O,. (tetragonal) and Sr,NaNb,O . (orthorhombic) ir
the latter systen, respectively (18,19). Since composiions from both systems exhibit
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excellent dielectric, pyroelectric and electro-optic properties, these systems w... e Cori-
sidered for future growth work.

The remaining two flux systems, LivC;-SBN anc L1;WO,_-SBN (nonvanadium system)
did not produce tungsten bronze compositions of SBN untii 75 moleX or more of SBN was
in the mixture, and also required a dipping temperature of at least {33C2°C. LiNbO was
found 1o be a more stable phase in these systems instead of bronze SEN.

Since the SBN solid solution 1s stable in only two svstems, BaV,04-SBN anc
BaB .0, ;-SBN, the choice of solvents 1s very himited. Furthermore, since the tetragonal
ferroelectric phase exists over & wice comrowitional range for SBN, £.75 < x < 0.25, the
S reto m oot be establisned in each composition before any film growth experiments

are Conducied,

Since SBN, 0.75 < x £ 0.25 is a solid-solution system, the Sr:Ba ratio must be estab-
lished to check lattice compatibility with SBN:60 substrates. For this reason, we studied
the 1o BaV,0g-Sr. . Ba. (Nb,O¢ in detail using x-ray diffraction and DTA techniques.
Based or. lattice constant measurements, the compositions along this jine 2re predomi-
nantiy BaTt-rich and varied from Sr._ .Bac. ¢Nb.Og (SBN:40) 10 Sre..¢Bas..Nb Q¢
(SBN:46) with increasing SBN:5L concentration in the system. The DTA results indicate
that a pseudo-eutectic occurs at !5 moleX of SBN:5C, with a eutectic temperature of
approximately 685°C. The supercooling range for this system is reasonably large at an
estimated 25°C, which 1s surtable for film growth experiments.

LPY Growth of SBN Thin Frlnig

The comipositions SBN:4ZD anc SBN:46, which correspond to the tatch miuxtures of
60 moiex Bal QO -40 molex SBN:50 and 70 mole% Ba'',0¢-30 molex SBN:5C, respec-
taen, were seiected for epitamial growth studies, Tne lattice constants, ferroelectric
e~ e.ectro-oplic properties for these SBN compos:tions and for LiINBO, are giver in
Tael.e 2. An mportant consideration for the growth of SBN:4C and SBN:46 on SBN:6C
substrates 1s @ sufficiently close lattice match between films and substrate. As given in
Tab.w Z. the lattice maich tor these compositions with SBN:6C 1s fairly ciose, on the
orger of 0.6% or jess on tre (921) and 0.3% or less on the (160) ard (110) oriented facws.

Table 2
Structural and Optical Properties of Bronze Compositions
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Initially, efforts concentrated on the growth of the SBN:46 composition, since it has
a closer lattice match to SBN:60. The calcined mixture was melted in a 100 cc platinum
crucible and then placed in the growth furnace, as shown in Fig. 2. The growth apparatus
consisted of a vertical tube furnace whose temperature was controlled with an accuracy
of +1°C. The mixture was held overnight at approximately 100°C above its melting tem-
perature. After achieving coniplete homogeneity, the molten solution u2e clnwly conled
t0 the growth temperature at the rate of 10°C/h. An oriented 3BN:60 substrate, pos:-
tioned slightly above the melt to equilibriate with the solution temperature, was then
dipped into the melt. Table 2 summarizes the substrate orientations, dipping tempera-
ture range, lattice constants and film compositions. After the required growth time had
elapsec. the sample was withdrawn from the me!lt anc coolec very siow:y 1o room iefn-
perature. The adhering flux was removed by dipping the film/substrate in dilute HC:
aci¢. This s the first time such ferroelectriz SBN films have been grown by this tech-
niques, however, the growth of other tetragonal bronze compositions by the sputtering
and LPE techniques has also been reported (20,21).

MEDIE 1564
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Fig. 2 Growth furnace.

The success of thin-film growth is due, in pari. 1o the avatlability of large, high-
quality SBN:60 substrates (1,2). Since SBN:60 bulk crystals exhib:t 24 well-defined facets
(22), the maintenance of precise substrate orientations was a relatively easy task. The
films were developed on three different orientations, specifically, (001), (100) and (110),
and the LPE growth process was studied with respect to growth temperature, orientation
and lattice match. Film quahty and thickness were found to depend strong'y on the sub-
strate orientation and the rate of crystallization. For example, growth was approxi-
mately three to four times faster on the (001) direction as compared to the (100) and
(110) directions.  This 15 consistent with our observations on bulk single crystal growth of
SBN compositions by the Czochralsk: technique, where the growth rate is considerably
greater along the (001) direction, whereas growth along other orien:ations has been found
to be most difficult and, in some 1nstances, impossible.

Figure 3 shows a typical cross sectton for a thin film grown on a (00!)-oriented
SBN:60 substrate. The growth rate was typically | to 2 um/min on the (001) direction,
while under the same conditions the rate was 0.5 um or less on the (100) and (110) direc-
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MRDC78 304!

FILM (20 um]

~-— SUBSTRATE

. .aadlc
. &a

Fiz. 3 Cross section of 20 um SBN:46 film on the (001 }oriented SBN:6G substrate.

woe. However, because of the lower growth rates on the latter directions, the film
Sty was superior @nd fums as thick as 5 1o 25 um were growrn without COmpromising

The gue:ty of the (0C1)-oriented filins was studied with respec: to grow tn tempera-
ture for both satwcn muxtures, and was found (o improve cons:derably with increasing
growth temperaiures from 1040-1050°C and 920-932°C, respectively. However, the f{ilm
C_aaly grac.a.y cegradec for the composition corresponding to SBN:40 (Batch 1), prob-
&z.y becaust of the increased latuice nusnatch for (021)-orientec fiins. These fiims also
sTowed a lencenty o <rata. However, for the (102) anc (L 10)-orterted substrates, fiin:

S

[ SHR IS N W S TLIN

C.a iy was eacenent oo
Tre tetragone. SBN, .75 < x « 0,25, solid solution extends over a w:ce Composi-

remgr, @77 the Change in e ¢ latlice constlant s more pronounced as compared (o
respedt 0 Cnanges i the SriBa ratio, Qur resultls suggest that for the successfu:
o grow tt of these Sronze Compasitions, it is important to mamiair an 0.3% or less
s7iell” betweer tne film and substrate along the growth direction. Recent
v oAcacrs et e (20,21 also demonstratec the growth of excelient quality bronze
No O s o KGBINBLO | ¢ substrates using the LPE and sputtering techniques.
C.eary. 1o gerera Ze these results, further wark 1s necessary 1o estadblish the tolerance
tactors {or alnowar.e iatlice nasateh in the growth of bronze cong:asition fiinis,

Craracierizatiar

To confirni singoe phase fin: growth and 1o accuraleiy deternine conmipos:1ion, the a
and ¢ latlice consiarts for both filmi anc substrate were measured using the x-ray dif-
fract:on technique, Figure 4a anc 4b shows x-ray refiections for films grown from the
baich muxture 60 moiex BaV,0.-4C mole% SBMN-*N, The composition for the film was
estanlishec by measuring the difference b the substrate and film lattice con-

tanls.  This technique was previously .h success in our work to estabhsh the
dopant concentration in LiNbO, fitms (12,15,18). As shown in Fig. 4a and 4b, two reflec-
tions corresponcing to {0C3) anc (004) for the c axis, and {10,00) and (12,00) for the a axis
were studied for botn film and substrate. Since the lattice constant changes for the a
axis are srall compared to the € axis, 11 was necessary 10 select higher angle reflections
1o get adecuate separation between the film and substrate peaks. Further, when scan-
ning the refiections at /8 26/mun, the separation was even wide, as shownn Fig. 5, 10
estimate therr lattice constants. Using these reflection values, the lattice constants a
and r. were deternuned for both film composttions as follows:
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SBN:k6  a = 12,4764, C = 3.9564

SBN:4C  a = 12,4824, Cc =394
(12.0,0 10.0.0: )
Ka1 K,

SUBSTRATE
FiLMm

0.0 8 (003

104 718

- 2 —-——— 2

Fig. & X-rayv reflections for fiims growr from 67 more® Bal ;Qg-40 molee SBN:SC.

These fiims exhibited unchanging iattice parareters with variations of growth process
parameters until vanad:um (0ss due to volatilization became s:gn:ficant. These constants
are reasonably close 1o the values reported for SBN:té and SBN:4C in Table 2 and, based
o these results, the growth of uniform compositions seems possible. Also clear from
these eaperiments 1s that the films are Ba' -rich over a wide range of compositions in
the BaV ;0¢-SBN:5C system. At higher concentrations of Sri”, the major phase for—ed is
nanferroelectric SrNb,Og, which 1s of no interest in the present work.

The SAW electromechanical coupling constant (K?) for SBN:46 films was measured
on poled (00!) plates propagating in the (100) direction using the method described by
Staples (23). The films were poled in all configurations, but the poling of (100) and (110)-
oriented frlms was more difficult as compared to films grown in the (00!) direction.
Although the quality of the (001)-oriented {films is not as good as that achieved for the
other orientations, the coupling constant for these films could still be evaluated. The
coupling constant for SBN:46 is approximately 100 x 107+, which is smaller than the cur-
rent best SBN:60 crystals (180 x 10+ (5)). These films were also tested for optical wave-
guide applications using a He-Ne laser operating at 63284, and the quality of the (100)
and (110) films was quite reasonable, whereas the (001)-oriented films were unsuitable.
Although the electro-optic (r;,;) and pyroelectric coefficients for SBN:46 are not as large
as SBN:60, ry; 1s at least five times better than that of LiNbQ; crystals. The composi-
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tion SBN:5G i1s now being studied in our laboratory for pyroeleciric detection because of
its excellent pyroelectric figure-of-merit. Therefore, the development of these better
quality films 1s expected to significantly 1impact ongoing resea~ch programs in opliCal
waveguides and pyroelectric thermal detectors.

Conclusions

The LPE technique appears to be suitable for the tungsten bronze family composi-
tions, provided the lattice mismatch betweern the film and substrate is sufficiently smal!
(0.3% or less). In a torthcoming paper, we w.ll describe the extension of this techniour
to another important tungsten bronze, Sr;KNb.O ., using the SBN:60 substrate. Suc
filims should have a significant impact on various device applications, including optica!
waveguides, sw:tches, pyroelectric detectors and SAM .
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Abstract

Ferroelectric tungsten bronze SryKNb5O| 5 (SKN) thin films have been grown by
liquid phase epitaxy on (100), (110) and (00l) orientations of tungsten bronze
Srg.6Bag 4 Nb,Og (SBN:60) substrates using vanadium-containing solvents. Single crystal
film growths of up to 25 i:m thickness were achieved with very good film quality in all
growth directions, due in part to the excellent lattice match with SBN:60. Surface acoustic
wave (SAW) measurements show electro-mechanical coupling of up to 130 x lO'q, compar-
able to values measured in other tungsten bronze ferroelectrics. The high dielectric con-
stants available in these films also indicate potentially very large linear electro-optic

effects which are roughly an order of magnitude greater than for LiNbO,.




Introduction

The solid solution SryKNbsO, 5 (SKN) is a tetragonal (4 mm) tungsten bronze fer-
roelectric which exists in the SrNb206 - KNbO3 pseudobinary system.l'B SKN has been of
practical interest for several device applications because of its potentially large electro-

optic and electro-mechanical properties.a"7

In particular, extensive efforts have been
made to grow SKN in bulk single crystal form for surface acoustic wave (SAW), electro-
optic and millimeter wave device applications. Although we have been able to grow smali
crystals of reasonable qua!:ty by the Czochralski technique in our own work, improvements

in homogeneity, optical quality and crystal size have been hampeted by the K volatility at

the growth temperature and by bulk crystal fracture during cooldown.

An alternative growth method for this ferroelectric bronze is liquid phase epitaxy
(LPE) which has been successfully utilized to grow tungsten bronze Sro_5l3ao.5Nb206
(SBN:50), ilmenite LiNbO5 and LiTaOj thin films for SAW evaluation.®™ ! In this paper, we
report the LPE growth of SKN thin films on Sry (Baj ,Nb,O (SBN:60) cubstrates, the

latter being chosen because of its close lattice match to SKN.

LPE Flux Systems

The successful LPE growth of volatile solid solutions such as SKN requires the
development of an appropriate flux system permitting relatively low-temperature growths
without the occurrence of spontaneous nucleation during supercooling. Based on our prior
work on the LPE growth of tungsten bronze SBN compositions,8 KVO3 solvents appear to
have the best potential for SKN film growth since V>* does not incorporate into the
tungsten bronze lattice. In particular, the flux system KVO, - 5BN was found to form

tetragonal SKN over a wide compositional range due to the exchange of Ba for K and the




formation of BaV,0, and SKN.8 The phase diagram for this system, with KVO3 and SBN:50
as end members, was established by DTA measurements and x-ray diffraction analysis to
determine the structure and lattice constants of the major phases, and is shown in Fig. |.
Additiona! dielectric measurements were carried out on sintered ceramics obtained from
several flux compositions to determine the composition of the major phase, i.e. either SBN
or SKN, the latter having a typically large room temperature dielectric constant and high
Curie point (> 150°C). For the KVO5 - SBN:50 system, single phase SKN was found over a
wide compositional range up to 60 mole% SBN:50 (Fig. la), with ceramic samples showing a
ferroelectric transition temperature of TC = 154 - 156°C and large room-temperature
dielectric constants of approximately 1300, ruling out SBN as a possible phase. In the
compositional range of 60 - 90 mole% SBN:50, mixed phases of SKN and SBN were found,
and above 90 mole% SBN:50, only SBN compositions were found with very high melting

temperatures.

The flux system K5V5015 - SrzKl'\lbjOl5 was also examined for possible use in
LPE film growth. Because of the absence of Ba2* in this system, single phase bronze SKN
was found in the entire compositional region above 13 mole% SKN concentration, as shown
in the phase diagram of Fig. Ib. As in the case of the previous flux system, ceramics
derived from the KsV50 5 - SKN system showed a high transition temperature of T. =
162°C and large room temperature dielectric constants of approximately 1100. However,
the overall melting temperatures were somewhat lower in this flux system, as can be seen

in Fig. 1.

LPE Thin Film Growth

Since both the KVO5 - SBN:50 and K5V 50,5 - SKN flux systems show the forma-

tion of single phase SKN compositions at suitably low melting temperatures, both systems




were used for the LPE growth of SKN thin films. The particular flux compositions (0.75)
KVO3; - (0.25) SBN:50 and (0.80) KsV50 5 - (0.20) SKN were chosen for film growth based
on their low melting temperatures and the close lattice match of the resulting crystals to
stoichiometric SrzKNb5015. The measured crystal lattice constants in these cases were
a,b = 12.469 &, c = 3.943 & for the (0.75) KVO3 - (0.25) SBN:50 flux system and a, b =
12.473 &, ¢ = 3.943 & for (0.80) K5VsO|5 - (0.20) SKN. These values compare very closely

witha, b = 12,471 &, ¢ = 3.942 & for stoichiometric SKN.

Reagent grade carbonates and oxides of 99.95% purity were used as starting ma-
terials, with film growths performed in a vertical tube furnace controllable to within + 1°C.
In each case, the calcined flux was melted in a 100 cc platinum crucible and held overnight
at approximately 100°C above the melting temperature to achieve complete homogeneity.
The molten solution was then cooled at a rate of 10°C/h back down to the melting tempera-
ture where 1t was allowed to equilibrate. Finally, oriented substrates were then individually
dipped into the melt for LPE film growth; after the required growth tim< had elapsed, the
substrates were removed from the melt and then slowly cooled to .-rom temperature.
Adhering flux was removed using dilute HCI followed by water rinsing. Further details may

be found in earlier papers.g-12

Essential to the successful growth of high-quality epitaxial thin films is the use of
closely lattice-matched substrates. In the case of SKN, a close lattice match exists with
tungsten bronze SBN:60 along both (100) (a, b = 12.468 &) and (001) (c = 3.938 &) orienta-
tions. SBN:GO is a congruently melting bronze solid solution which can be grown in excep-
tionaily high quality by the Czochralski technique in crystal boules up to 3 cm diam-
eter.!31% Therefore, SBN:60 is particularly suited for the LPE growth of SKN thin films of

the highest possible quality.
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SBN:60 substrate wafers with <100>, <110> and <001> orientations were used to
evaluate film growth rates and film quality. After cutting with diamond saw, each crystal
wafer was lapped and then optically polished on one surface, followed by cleaning in dilute
acid. LPE growth of SKN films was found to be faster along <001> for both flux systems,
with a growth rate of typically 1-2 um/min compared to 0.5 um/min or less for <100> or
<110>. This is consistent with our observations on Czochralsk: buik single crystal growth of
tungsten bronze ferroelectrics where <0C1> is the preferred growth direction. 2712 How-
ever, optical and x-ray diffraction evaluations of these films showed somewhat better film
quality for the <100> and <110> orientations because of their slower growth rates. Never-
theless, all of these SKN thin films were found generally superior to previous SBN:50
growths on SBN:60 substrate58 due to the improved lattice match between SKN and SBN:60,
with SKN films of up to 15 - 25 um thickness showing no significant compromise of film
quality. This result reflects the general observation that the latticc mismatch tolerance

factor for good quality tungsten bronze films appears to be relatively low at 0.3% or less.

The crystallinity, phase purity and lattice constants of the SKN films were evalu-
ated by by x-ray diffraction measurements. Since SKN and SBN:60 have nearly the same
lattice constants, it~ .ecessary to use very slow scanning rates (1/8 to 1/4°/min) to
separate the diffraction peaks arising from the SKN film and the underlying substrate. Fig-
ure 2 shows the relative intensity of the Cu Ka; and Ka, diffraction peaks for the (800) re-
flection in films of successively greater thickness. In the figure, the primed lines indicate
diffraction due to the SKN film, and the unprimed lines due to the underlying substrate.
The latter are seen to disappear for film thicknesses greater than 10 um. Film crystallinity
was generally very good, as indicated by the sharpness of the film diffraction peaks in

Fig. 2.




Table 1 summarizes the growth conditions and major physical properties for the
SKN films grown from each flux system. The film lattice constants were established from
the (400), (600) and (800) x-ray reflections from (100)-oriented films and the (001), (002) and
(004) reflections from (001)-oriented films. The measured constants are in excellent agree-
ment with the values obtained from stoichiometric SroKNbsO| 5 ceramics. The SAW elec-
tromechanical coupling constants, K2, were measured on poled <001> SKN thin films using
the method by Staples.l(’ Poling to a single ferroelectric domain was accomplished by -ool-
ing from the SKN transition temperature with a 6 kV/cm field applied across the substrate/
film combination. The measured SAW coupling constants at room temperature for acoustic
propagation along <100> were 110-130 « lO’I“, depending primarily on the flux used for
growth (Table 1). Although these values are smaller than for SBN:60 (180 10™% and

-4)’17,18

PboKADcOy5 (188 « 10 1t may be possible to increase SAW coupling in SKN by

altering the Sr:K ratio, although such compositional changes have not yet been explored.

The linear electro-optic effect in SKN is anticipated to be large because of the
high dielectric constants found along both polar and nonpolar directions. From the phe-
nomenology for tetragonal bronze ferroelectrics,lg the electro-optic coefficients, Fij are

given by
r33 = 2833P3¢0¢33

rs) = 2844P 3208

where ¢ is the permittivity of free space, P4 is the spontan2ous polarization and g is the

quadratic electro-optic coefficient. From dielectric measurements on small Czochralski-

grown SKN single crystals, e ; = 1000 and e33 = 1200 at room temperature. Dielectric
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measurements on SKN thin films using a close-spaced surface electrode geometry were
necessarily influenced by geometric factors and possible substrate contributions, but in
general showed semi-quantitative agreement with the bulk crystal values. Using P3 = 0.30
C/m2 and g3 = 0.09, g, = 0.04 m[‘/C2 typical of tetragonal bronze {eiroelectrics, the
anticipated linear electro-optic coefficients for these films are roughly r3z = 550 «x

12 m/V, values substantially larger than those encountered in

-12 12

10712 m/v and rg, = 200 « 107

tungsten bronze SBN:60 (470 x 10 and 80-90 x 10" “ m/V, respectively) and more than an
order of magnitude better than ri3 for LiNbO3 (31 «x 10'12 m/V).ZO Hence, these SKN thin
films could prove to be especially important for electro-optic device applications. Although
the optical quality of the current films is still not sufficient for detailed electro-optical and
optical waveguide characterization, this appears to be largely a consequence of substrate

surface preparation (and substrate quality) rather than an inherent problem in the grown

films.

Conclusions

Tungsten bronze SKN thin films grown by the LPE technique appear to be suitable
for SAW device applications upon further evolutionary improvements in thin film quality.
Increased SAW electromechanical coupling may also be possible through alteration of the
Sr:K ratio, although such compositional changes should not be so large that the advantages
of substrate lattice matching are lost. Perhaps one of the greatest advantages of these
films is the high ferroelectric transition temperature (155°C) which permits the application
of relatively large applied voltages and usage over a wide temperature range without ferro-
electric domain reversal or depoling. With improvements in film quality, these SKN films
could also have a significant impact on optical and possibly pyroelectric applications as

well.
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Fig. I

Fig. 2

Figure Captions

LPE flux systems for tungsten bronze SKN film growth: (a) KVO; - SBN:50; (b)
K V5O, 5 - SKN.

Cu Ka;| and Ka, x-ray diffraction peaks for the (800) line as a function of SKN

film thickness. The unprimed peaks are due to the SBN:60 substrate materia!l.




Table |
Physical Properties of SKN Films Grown by LPE
Substrate SKN Films
SBN:60  (0.75) KVO3-(O.25) SBN:50 (0.80) K5V5015-(0.20) SKN

Growth Temperature -- 920-925°C 880-890°C
Growth Rate:

<001> - 1-2 ym/min 1-2 ym/min

<100> or 110> - > 0.5 um/min 2 0.5 ym/min
Lattice Constants and
Substrate Mismatch:

a, b 12.465 & 12.469 & (0.032%) 12,473 & (0.064%)

c 3.938 & 3.943 £(0.127%) 3.943 2 (0.127%)
Curie Point 75°C 153°C 162°C
Dielectric Constant
at 20°C:

€33 920 ~ 1200 ~ 1200
SAW Coupling, K2 4 4 4
(<100>) 180 x 107 130 ~ 107 10 x 107
Electro-optic Coefficient
(10712 m/V):*

33 470 ~ 550 ~ 550

rs) 80 - 90 ~ 200 ~ 200

*Calculated values for SKN.




